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FOREWORD 

The purpose of this Toxicological Review is to provide scientific support and rationale 
for the hazard and dose-response assessment in IRIS pertaining to chronic exposure to vinyl 
chloride. It is not intended to be a comprehensive treatise on the chemical or toxicological 
nature of vinyl chloride. 

In Section 6, EPA has characterized its overall confidence in the quantitative and 
qualitative aspects of hazard and dose response. Matters considered in this characterization 
include knowledge gaps, uncertainties, quality of data, and scientific controversies. This 
characterization is presented in an effort to make apparent the limitations of the assessment and 
to aid and guide the risk assessor in the ensuing steps of the risk assessment process. 

For other general information about this assessment or other questions relating to IRIS, 
the reader is referred to EPA’s Risk Information Hotline at 202-566-1676. 
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1. INTRODUCTION 

This document presents background and justification for the hazard and dose-response 
assessment summaries in EPA’s Integrated Risk Information System (IRIS). IRIS summaries 
may include an oral reference dose (RfD), inhalation reference concentration (RfC), and a 
carcinogenicity assessment. 

The RfD and RfC provide quantitative information for noncancer dose-response 
assessments. The RfD is based on the assumption that thresholds exist for certain toxic effects 
such as cellular necrosis, but may not exist for other toxic effects, such as some carcinogenic 
responses. It is expressed in units of mg/kg-day. In general, the RfD is an estimate (with 
uncertainty spanning perhaps an order of magnitude) of a daily exposure to the human 
population (including sensitive subgroups) that is likely to be without an appreciable risk of 
deleterious noncancer effects during a lifetime. The inhalation RfC is analogous to the oral RfD, 
but provides a continuous inhalation exposure estimate. The inhalation RfC considers toxic 
effects for both the respiratory system (portal-of-entry) and for effects peripheral to the 
respiratory system (extrarespiratory or systemic effects). It is generally expressed in units of 
mg/m3. 

The carcinogenicity assessment provides information on the carcinogenic hazard 
potential of the substance in question and quantitative estimates of risk from oral exposure and 
inhalation exposure. The information includes a weight-of-evidence judgment of the likelihood 
that the agent is a human carcinogen and the conditions under which the carcinogenic effects 
may be expressed. Quantitative risk estimates are presented in three ways. The slope factor is 
the result of application of a low-dose extrapolation procedure and is presented as the risk per 
mg/kg/day. The unit risk is the quantitative estimate in terms of either risk per µg/L drinking 
water or risk per µg/m3 air breathed. Another form in which risk is presented is a drinking water 
or air concentration providing cancer risks of 1 in 10,000; 1 in 100,000; or 1 in 1,000,000. 

Development of these hazard identification and dose-response assessments for vinyl 
chloride has followed the general guidelines for risk assessment as set forth by the National 
Research Council (1983). EPA guidelines that were used in the development of this assessment 
may include the following: the Guidelines for Carcinogen Risk Assessment (U.S. EPA, 1986a), 
Guidelines for the Health Risk Assessment of Chemical Mixtures (U.S. EPA, 1986b), Guidelines 
for Mutagenicity Risk Assessment (U.S. EPA, 1986c), Guidelines for Developmental Toxicity 
Risk Assessment (U.S. EPA, 1991), Proposed Guidelines for Neurotoxicity Risk Assessment 
(U.S. EPA, 1995a), Guidelines for Neurotoxicity Risk Assessment (U.S. EPA, 1998b), Proposed 
Guidelines for Carcinogen Risk Assessment (1996a), and Reproductive Toxicity Risk Assessment 
Guidelines (U.S. EPA, 1996b); Recommendations for and Documentation of Biological Values 
for Use in Risk Assessment (U.S. EPA, 1988); (proposed) Interim Policy for Particle Size and 
Limit Concentration Issues in Inhalation Toxicity (U.S. EPA, 1994a); Methods for Derivation of 
Inhalation Reference Concentrations and Application of Inhalation Dosimetry (U.S. EPA, 
1994b); Peer Review and Peer Involvement at the U.S. Environmental Protection Agency (U.S. 
EPA, 1994c); Use of the Benchmark Dose Approach in Health Risk Assessment (U.S. EPA, 
1995b); Science Policy Council Handbook: Peer Review (U.S. EPA, 1998a); and memorandum 
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from EPA Administrator, Carol Browner, dated March 21, 1995, Subject: Guidance on Risk 
Characterization (U.S. EPA, 1995c). 

Literature search strategies employed for this compound were based on the CASRN and 
at least one common name. At a minimum, the following databases were searched: RTECS, 
HSDB, TSCATS, CCRIS, GENETOX, EMIC, EMICBACK, DART, ETICBACK, TOXLINE, 
CANCERLINE, MEDLINE, and MEDLINE backfiles. Any pertinent scientific information 
submitted by the public to the IRIS Submission Desk was also considered in the development of 
this document. 

2. CHEMICAL AND PHYSICAL INFORMATION RELEVANT TO ASSESSMENTS 

Common synonyms of vinyl chloride (VC) include chloroethene, chloroethylene, 
ethylene monochloride, and monochloroethene. Some relevant physical and chemical properties 
of VC are listed below (Sax and Lewis, 1989): 

CASRN: 75-01-4€
Empirical formula: C2H3Cl€
Structural formula: CH2 = CHCl€
Molecular weight: 62.5€
Vapor pressure: 2,660 mm Hg at 25°C€
Water solubility: 2,763 mg/L (U.S. EPA, 1985); 1,100 mg/L (Cowfer and Magistro,€

1983) 
Log KOW: 1.36 (NIOSH, 1986) 
Conversion factor: 1 ppm = 2.60 mg/m3, 1.0 mg/m3 = 0.39 ppm 

VC is a synthetic chemical used as a chemical intermediate in the polymerization of 
polyvinyl chloride. At room temperature and pressure, it is a colorless gas with a mild, sweet 
odor. As the data shown above indicate, VC is poorly soluble in water. Structurally, VC is a 
haloalkene and is related to vinylidene chloride and trichloroethylene. In the following pages 
VC refers to the monomer and PVC to polyvinylchloride, the polymerized form. 

3. TOXICOKINETICS/TOXICODYNAMICS RELEVANT TO ASSESSMENTS 

Human and animal data indicate that VC is rapidly and efficiently absorbed via the 
inhalation and oral routes, is rapidly converted to water-soluble metabolites, and is rapidly 
excreted. At low concentrations, VC metabolites are excreted primarily in urine, while at high 
exposure concentrations, unchanged VC is also eliminated in exhaled air.  Overall, the data 
indicate that neither VC nor its metabolites are likely to accumulate in the body. 

Absorption of VC in humans after inhalation exposure is rapid. A study conducted in 
five young adult male volunteers inhaling VC at concentrations of 7.5 to 60 mg/m3 showed that 
42% was retained, maximum retention was reached within 15 minutes, and the percent retention 
was independent of inspired VC concentration. Individual variation, however, was high, with 
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mean retention values after 6 hours exposure to 30 mg VC/m3 ranging from 30% to 71%. After 
cessation of exposure, the VC concentration in expired air decreased rapidly within 30 minutes to 
4% of the inhaled concentration (Krajewski et al., 1980). Animal inhalation studies also show 
that VC is rapidly absorbed. Exposure of male Wistar rats (number/group unspecified) to 1,000, 
3,000, or 7,000 ppm VC (99.9% pure) for 5 hours using a head-only apparatus resulted in rapid 
uptake into the blood, as measured by gas-liquid chromatography (GLC) (Withey, 1976). 
Equilibrium blood levels were achieved within 30 minutes for all exposures. Upon cessation of 
exposure, blood levels declined to a barely detectable level after 2 hours. Rat studies show that 
the distribution of VC is rapid and widespread, but the storage of VC in the body is limited by its 
rapid metabolism and excretion (Bolt et al., 1977). 

No human studies of absorption of ingested VC were located. Animal studies show that 
VC absorption following oral exposure is rapid and complete. Peak blood levels were reached 
within 10 minutes when VC was administered to male rats by gavage in an aqueous solution at 
doses up to 92 mg/kg (Withey, 1976). In the same study, more complex and slightly delayed 
absorption was observed following VC gavage in oil, although peak blood levels were reached 
within 40 minutes (Withey, 1976). At 72 hours after a single gavage dose of 100 mg/kg VC in 
oil, unmetabolized VC was detected in exhaled air, indicating that metabolism was saturated 
(Watanabe and Gehring, 1976; Watanabe et al., 1976a). Saturation of VC metabolism has also 
been observed following inhalation exposure (Watanabe and Gehring, 1976; Watanabe et al., 
1976b). In rats fed VC monomer in a PVC powder, the average amount of VC detected in feces 
was 8%, 10%, and 17% for oral intake of 2.3, 7.0, and 21.2 mg/kg-day (Feron et al., 1981). 
Because the remaining material was reported as still enclosed in PVC granules, free VC 
monomer is considered nearly, if not completely, absorbed in the GI tract.  In using this study for 
quantitating risk, as is done in this assessment, dose was considered to be the amount ingested 
minus that recovered in the feces. Complete absorption is assumed for humans ingesting VC 
monomer. 

Numerous studies on the pharmacokinetics and metabolism of VC have been conducted, 
with the majority of these studies conducted in rats (Withey, 1976; Hefner et al., 1975; 
Guengerich and Watanabe, 1979; Bolt et al., 1976, 1977; Watanabe et al., 1976a,b, 1978; 
Jedrychowski et al., 1984, 1985; Tarkowski et al., 1980). As discussed in Sections 5.1.2, 5.2.2, 
and 5.3.3, both the cancer and noncancer assessments were conducted using a physiologically 
based pharmacokinetic (PBPK) model (Clewell et al., 1995a,b) in which VC metabolism was 
hypothesized to occur via two saturable pathways. Therefore, VC metabolism is discussed in 
some detail here as part of the background for the development of the model. A simplified 
diagram of the metabolism of VC is shown in Figure 1. The primary route of metabolism of VC 
is by the action of cytochrome P450 or CYP on VC to form chloroethylene oxide (Bolt et al., 
1977; Plugge and Safe, 1977). Chloroethylene oxide (CEO) is a highly reactive, short-lived 
epoxide, some of which rapidly rearranges to form chloroacetaldehyde (CAA), a reactive "
halocarbonyl compound; CEO is also a substrate for epoxide hydrolase (Pessayre et al., 1979). 

These two metabolites are detoxified mainly via glutathione (GSH) conjugation 
(Jedrychowski et al., 1985; Leibman, 1977; Tarkowski et al., 1980). This hypothesis is 
supported by the observation of decreased nonprotein sulfhydryl concentrations at high VC 
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  APPENDIX A.  COMPARISON OF PBPK MODELS FOR VINYL CHLORIDE 

The calculations performed in this risk assessment used the PBPK model of Clewell et al.
(1995a).  Another model of vinyl chloride (VC) was recently published (Reitz et al., 1996).  The
purpose of this appendix is to provide a comparison of the two models and to demonstrate the
similarity of risk calculations based on either model.  For comparison purposes, tumor 
incidences were based on liver angiosarcoma only, rather than incidence of all liver tumors used
to develop recommended risk estimates. 

A.1.  REVIEW OF REPORTED PBPK MODELS FOR VC

Five different PBPK models for VC have been described in the literature.  The first 
(Chen and Blancato, 1989) was a simple description of parent chemical kinetics and total
metabolism based on the styrene model of Ramsey and Andersen (1984).  Metabolism of VC 
was modeled with a single saturable pathway, and the kinetic constants were estimated from
measurements of whole-body clearance (e.g., Filser and Bolt, 1989).  No attempt was made to
validate the model against data on blood time-courses or total metabolism.  The model was used
to calculate total metabolism of VC (representing total production of reactive metabolites) as the
dose metric in a carcinogenic risk assessment for VC.  Potency estimates based on the internal
dose (mg VC metabolized per kg/day) were derived from inhalation bioassays of VC performed
by Maltoni et al. (1981, 1984), as well as from human epidemiological data.  Using the same
internal dose metric (mg metabolized per kg/day), the inhalation potency estimated from
epidemiological data of Fox and Collier (1977) of 3.8 × 10-3/ppm (1.4 × 10-6 per :g/m3) was
essentially identical to the potency estimated from rat inhalation data of 1.7 – 3.7 × 10-3/ppm (0.7
– 1.4 × 10-6 per :g/m3) using body-weight scaling (that is, without applying a body surface area
correction for cross-species scaling).  Although the extrapolations performed by Chen and
Blancato were for carcinogenic risk, the PBPK model would be equally effective for noncancer
endpoints.

The second model published for VC (Gargas et al., 1990) was a generic model of volatile
chemical kinetics in a recirculated closed chamber, which was used to identify global metabolic
parameters in the rat for a number of chemicals, including VC.  It differed from the model of
Chen and Blancato chiefly by the incorporation of a second, linear metabolic pathway (presumed
to be glutathione conjugation) in parallel with the saturable (oxidative) pathway.  Based on gas
uptake studies, both a saturable and a linear metabolic component were postulated for VC.

The different descriptions of metabolism in the two models discussed above were
examined in a more in-depth study of VC pharmacokinetics performed for the U.S. Air Force by
the K.S. Crump Division of Clement International (Clement, 1990).  They refitted the one- and
two-pathway descriptions to gas uptake data and then compared their predictions with
measurements of total metabolism by Gehring et al. (1978) and Watanabe et al. (1976).  

Although the two-pathway description provided a significantly better fit to the gas uptake data
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(adding parameters nearly always improves a fit), the resulting parameters tended to overpredict
total metabolism at higher concentrations owing to the presence of the first-order component.  In
addition, it was not possible to explain the continued increase in glutathione (GSH) depletion
measured at the highest exposure levels (where the saturable component was above saturation)
because only products of the oxidative metabolism of VC have been shown to react with GSH. 
In an attempt to provide a better correspondence to the data on both total metabolism and
glutathione depletion, two possible refinements to the model were investigated.  In the first,
direct reaction of VC with GSH was postulated, and in the second, the products of both the
saturable and the linear pathways were assumed to react with GSH.  Unfortunately, neither
description was able to provide a satisfactory correspondence to both total metabolism and GSH
depletion data.  The authors suggested that a different formulation featuring two saturable
oxidative pathways, both producing reactive metabolites, might provide the required behavior. 
This suggestion formed the basis for the subsequent development of the PBPK model of Clewell
et al. (1995a).

More recently, a PBPK model of VC was developed by Reitz et al. (1996) and applied to
compare cancer potency in mice, rats, and humans.  The structure of the model was similar to
that of Chen and Blancato (1989), providing a description of parent chemical kinetics and total
metabolism based on the styrene model of Ramsey and Andersen (1984).  Metabolism of VC 
was modeled with a single saturable pathway, and the kinetic constants were estimated from
fitting of closed chamber gas uptake studies with rats.  The model was then validated against 
data on total metabolism in the rat (Watanabe et al., 1976), gas uptake data in the mouse, and
inhalation data in the human (Baretta et al., 1969).  The model was used to calculate total
metabolism of VC as the dose metric in carcinogenic risk assessments for VC.  On the basis of
the rat inhalation bioassay of Maltoni et al. (1981, 1984), and using the linearized multistage
model, they estimated that lifetime continuous human exposure to 1.75 :g VC is associated with
an increased lifetime risk of one in a million.  This estimate equates to a lifetime risk of
approximately 0.6 × 10-6/:g/m3, in good agreement with the results of Chen and Blancato (1989). 
The potency estimates from rats were then shown to be consistent with tumor incidence data in
mice and humans when the pharmacokinetic dose metric was used.

In a parallel effort, a more elaborate PBPK model of VC was developed for OSHA and
EPA to support a cancer risk assessment for VC (Clewell et al., 1995a).  This model and the
modeling results are described in more detail in Appendix B.  Following the suggestion of
Clement (1990), the initial metabolism of VC was hypothesized to occur via two saturable
pathways, one representing low-capacity–high-affinity oxidation by CYP2E1 and the other
representing higher capacity–lower affinity oxidation by other isozymes of P450, producing in
both cases chloroethylene oxide (CEO) as an intermediate product.  The percentage of CEO
converted to CO2 via reaction with H2O was determined from published reports of radiolabeled
VC whole-body metabolism studies. Previous in vitro and in vivo studies support
chloroacetaldehyde (CAA) as the major metabolite of VC through the breakdown of CEO, and
this metabolite was modeled as the major substrate in GSH conjugation, with a lesser amount of
CEO as the glutathione S-epoxide transferase substrate. Depletion of glutathione by reaction 
with CAA was also described. The parameter values for the two metabolic pathways describing
the initial step in VC metabolism were determined by simulation of gas uptake data from mice,
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rats, hamsters, monkeys, and controlled human inhalation exposures, as well as from data on
total metabolism and glutathione depletion in both oral and inhalation exposures of rats.  The use
of a low-affinity pathway in parallel with the high-affinity pathway was able to successfully
reproduce the continued increases in total metabolism and GSH depletion observed with VC in
rats.  The successful simulation of pharmacokinetic data from a large number of studies over a
wide range of concentrations, using multiple routes of exposure, served as evidence that the
PBPK model was valid over the exposure range of interest.  

As with the PBPK model of Chen and Blancato (1989), the use of a pharmacokinetic 
dose metric reflecting lifetime average daily dose to the target tissue resulted in similar potency
estimates for liver angiosarcoma from VC across different species.  The human risk estimates
based on studies with mice (1.0 × 10-6 to 2.3 × 10-6 per :g/m3) agreed very well with those based
on inhalation studies with rats (1.6 × 10-6 to 3.7 × 10-6 per :g/m3), demonstrating the ability of
pharmacokinetics to integrate dose-response information across species.  Lifetime risk of liver
cancer from VC exposure estimated from three epidemiological studies was 4.7 × 10-7 to 2.8 ×
10-6 per :g/m3, in good agreement with the estimates based on animal inhalation data.  The risk
estimates obtained with this model are also very similar to those obtained with the simpler PBPK
models of Chen and Blancato (1989) and Reitz et al. (1996), as described above.  It should be
noted, however, that human exposure estimates have a considerable degree of uncertainty, so
agreement may be at least to some extent due to chance.

The human inhalation risks were somewhat greater when estimated using data from
female rats exposed orally to VC in the Feron et al. (1981) study.  These estimates ranged from
2.0 × 10-6 when based on angiosarcomas alone to 2.1 × 10-4 per :g/m3 when based on all liver
tumors including angiosarcomas, hepatocellular carcinomas, and neoplastic nodules. The
estimate based on angiosarcomas alone is in general agreement with those derived from female
rats using the oral bioassays of Maltoni et al. (1981, 1984), 3.0 × 10-5 per :g/m3.  Human cancer
potency estimates based on oral exposure are unavailable, because ingestion is not a common
route of human exposure.  It is quite possible, however, that potency for induction of liver cancer
is somewhat greater by the oral route of exposure, because essentially all absorbed VC passes
through the liver before entering the systemic circulation, whereas some of the VC taken up
through the lungs may be metabolized by other tissues before reaching the liver.

In summary, the results of pharmacokinetic risk assessments using three different PBPK
models are in remarkable agreement, with lifetime risk estimates for different species exposed
via the inhalation route that range over about an order of magnitude, from 0.5 × 10-6 to 5 × 10-6

per :g/m3.  These pharmacokinetic risk estimates for the inhalation route of exposure are lower
than those currently used in environmental decision making by slightly more than an order of
magnitude.  The currently used oral risk estimates, however, agree quite well with previous ones.
The simpler PBPK models of Chen and Blancato (1989) or Reitz et al. (1996) would provide an
acceptable framework for conducting a pharmacokinetically based human risk assessment for
VC, and would provide a more accurate estimate of human risk than external measures of VC
exposure.  However, the two-saturable-pathway model structure used by Clewell et al. (1995a) is
better validated because, in addition to the data used to validate the other models, it was 
validated against experimental data on both total metabolism and GSH depletion in rats as well



1For the purpose of this comparison, it was necessary to add oral uptake to the model of Reitz et al. (1996), which
includes only inhalation exposure.  This was accomplished by adding a zero-order input term in the equation for the
liver, in the same fashion as in the model of Clewell et al. (1996b).   

2The parameter values for the Reitz et al. (1996) model are taken from Table 1 of that publication, with the 
exception of the blood/air partition coefficient in the mouse, which was incorrectly reported as 2.26.  The value
shown in Table A-1 is the value actually used in the risk calculations (R.H. Reitz, personal communication).
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as closed-chamber VC exposure data in humans.

A.2.  COMPARISON OF REITZ AND CLEWELL MODELS

A more complete comparison was performed between the model used in this risk
assessment and the recently published model of Reitz et al. (1996).  The structures of the two
models are shown in Figures A-1 and A-2.1  It can be seen that the structure of the parent
chemical portion of the models is essentially identical.  Only the descriptions of metabolism in
the two models differ substantially.  The model of Clewell et al. (1995a) includes a more
complex description of metabolism, with two saturable oxidative pathways rather than one, and
with a description of glutathione conjugation of the oxidative metabolites.  The purpose of this
additional complexity was (1) to increase confidence in the ability of the model to correctly
simulate VC metabolism by improving the ability of the model to reproduce data on the dose
response for total metabolism and glutathione depletion in rats, and (2) to investigate alternative
dose metrics representing (a) total oxidative metabolites not detoxified by glutathione and (b)
total glutathione conjugates.  As reported in Clewell et al. (1995a), the alternative dose metrics
did not provide any improvement over the use of total metabolism and were not used or
presented in the risk assessment.  The model components associated with the formation of
glutathione conjugates and the depletion of glutathione do not have any effect on the calculation
of total oxidative metabolism in the model.  Therefore, for the calculation of risks based on liver
metabolism dose metrics, the only structural difference between the two models is the use of one
versus two saturable pathways to describe metabolism.  

The parameters used in the two models are shown in Tables A-1 and A-2.2  Of the
physiological parameters, the only significant differences are in the alveolar ventilation for the
human, the liver volume for the rat, and the body weight and fat volumes for the rat and mouse. 
The Clewell et al. (1995a) model used an alveolar ventilation based on EPA's preferred human
ventilation rate (20 m3/day), based on continuous heavy work, whereas the ventilation rates in 
the Reitz et al. (1996) model were taken from the International Radiation Consensus Report on
Reference man and were more typical of humans at rest or engaged in light activity.  The rat 
liver volumes used were  recommended in the recent ILSI Risk Science Institute physiological  
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Figure A-1.  The PBPK model for vinyl chloride developed by Clewell et al. (1995a).  

Abbreviations: QP = alveolar ventilation; CI = inhaled concentration; CX = exhaled concentration; QC =
cardiac output; QF, CVF = blood flow to, and venous concentration leaving, the fat; QR, CVR = blood 
flow to, and venous concentration leaving, the richly perfused tissues (most organs); QS, CVS = blood 
flow to, and venous concentration leaving, the slowly perfused tissues (e.g., muscle); QL, CVL = blood 
flow to, and venous concentration leaving, the liver; VMAX1,KM1 = capacity and affinity for the high-
affinity oxidative pathway enzyme (CYP 2E1); VMAX2,KM2 = capacity and affinity for the lower 
affinity oxidative pathway enzymes (e.g., CYP 2C11/6); KZER =  zero-order rate constant for uptake of 
VC from drinking water; KA = first-order rate constant for uptake of VC from corn oil; KCO2 = first-
order rate constant for metabolism of VC to CO2; KGSM = first-order rate constant for reaction of VC
metabolites with GSH; KFEE = first-order rate constant for reaction of VC metabolites with other cellular
materials, including DNA; KB = first-order rate constant for normal turnover of GSH; KO = zero-order 
rate constant for maximum production of GSH; KS = parameter controlling rate of recovery of GSH from
depletion.
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Figure A-2.  Diagram of the PBPK model of Reitz et al. (1996) for VC.  Abbreviations are as in 
Figure A-1.



Table A-1.  Comparison of model parameters 
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Mouse Rat Human

Clewell Reitz Clewell Reitz Clewell Reitz

BW Body weight (kg) 0.040-
0.044a

0.0285 0.245-
0.638b

0.225 70.0 70.0

Scaling factor 0.75 0.74c 0.75 0.74d 0.75 0.74d

QPC Alveolar ventilation
(L/hr)

30.0 28.0 21.0 18.0 24.0 15.0

QCC Cardiac output (L/hr) 18.0 28.0 18.0 18.0 16.5 15.0

Tissue blood flows (fraction of cardiac output):

QRC Rapidly perfused
tissues

0.51 0.52 0.51 0.52 0.5 0.52

QFC Fat 0.09 0.05 0.09 0.05 0.05 0.05

QSC Slowly perfused
tissues

0.15 0.19 0.15 0.19 0.19 0.19

QLC Liver 0.25 0.24 0.25 0.24 0.26 0.24

Tissue volumes (fraction of body weight):

VSC Slow 0.77 0.7614 0.75 0.7647 0.63 0.6105

VFC Fat 0.12-0.13b 0.04 0.11-0.20b 0.07 0.19 0.231

VRC Rapid 0.035 0.05 0.05 0.05 0.064 0.0371

VLC Liver 0.055 0.0586 0.04 0.0253 0.026 0.0314

Partition coefficients:

PB Blood/air 2.26 2.26e 2.4 1.68 1.16 1.16

PF Fat/blood 10.62 8.85f 10.0 11.9a 20.7 17.2a

PS Slow/blood 0.42 0.93a 0.4 1.25a 0.83 1.81a

PR Rapid/blood 0.74 0.71a 0.7 0.95a 1.45 1.38a

PL Liver/blood 0.74 0.71a 0.7 0.95a 1.45 1.38a

Metabolic parameters:

VMAX1C Maximum velocity
of first saturable
pathway
(mg/hr)

5.0-8.0a 8.13 3.0-4.0b 2.75 4.0 3.97

KM1 Affinity of first
saturable pathway
(mg/L)

0.1 0.28 0.1 0.04 0.1 0.04



Table A-1.  Comparison of model parameters (continued)

Mouse Rat Human

Clewell Reitz Clewell Reitz Clewell Reitz
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VMAX2C Maximum velocity
of second saturable
pathway
(mg/hr)

0.1-3.0b 0.0 0.1-2.0b 0.0 0.1 0.0

KM2 Affinity of second
saturable pathway
(mg/L)

10.0 —g 10.0 — 10.0 —

GSH parameters:

KCO2C First-order
breakdown to CO2

1.6 — 1.6 — 1.6 —

KGSMC Conjugation rate
constant

0.13 — 0.13 — 0.13 —

KFEEC Rate constant with
non-GSH

35.0 — 35.0 — 35.0 —

GSO Initial GSH
concentration

5800.0 — 5800.0 — 5800.0 —

KBC First-order rate
constant for GSH
breakdown

0.12 — 0.12 — 0.12 —

KS Resynthesis constant 2000.0 — 2000.0 — 2000.0 —

KOC Zero-order
production of GSH

28.5 — 28.5 — 28.5 —

Dosing parameters:

KA Oral uptake rate (/hr) 3.0 — 3.0 — 3.0 —

aSee Table A-2.
bFor the purpose of this comparison, it was necessary to add oral uptake to the model of Reitz et al. (1996), which includes only
inhalation exposure.  This was accomplished by adding a zero-order input term in the equation for the liver, in the same fashion
as in the model of Clewell et al. (1996b).
cThe scaling factor for maximum velocity of metabolism is 0.70. 
dThe parameter values for the Reitz et al. (1996) model are taken from Table 1 of that publication with the exception of the
blood/air partition coefficient in the mouse, which was incorrectly reported as 2.26.  The value shown in Table A-1 is the value
actually used in the risk calculations (R.H. Reitz, personal communication).  
eDifferent from reported value of 2.41 (Reitz et al., 1996), but used in risk calculations (D. Reitz, personal communication).
fThe parameters listed here are the tissue/blood partition coefficients.  They were derived from the tissue/air partition coefficients
in Table 1 of Reitz et al. (1996) by dividing by the blood/air partition coefficient.
gNot used in model.
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Table A-2.  Species/sex/study-dependent parameter values in Clewell model

BW VFC VMAX1C VMAX2C

Swiss albino mice Male 0.044 0.13 8.0 0.1a

(inhalation study) Female 0.040 0.12 5.0 3.0

Sprague-Dawley rats Male - low dose 0.638 0.19 4.0 2.0

(inhalation study) Male - high dose 0.433 0.13 4.0 2.0

Female - low dose 0.485 0.20 3.0 0.1b

Female - high dose 0.321 0.14 3.0 0.1b

Sprague-Dawley rats Male - low dose 0.632 0.19 4.0 2.0

(gavage study) Male - high dose 0.405 0.12 4.0 2.0

Female - low dose 0.445 0.18 3.0 0.1b

Female - high dose 0.301 0.13 3.0 0.1b

Wistar rats Male 0.436 0.14 4.0 2.0

(drinking water study) Female 0.245 0.11 3.0 0.1b

aZero was used as the variance for this value of VMAX2C in the PBPK-Sim runs.
bFor the purpose of this comparison, it was necessary to add oral uptake to the model of Reitz et al. (1996), which
includes only inhalation exposure.  This was accomplished by adding a zero-order input term in the equation for the
liver, in the same fashion as in the model of Clewell et al. (1996b). 

parameter document (ILSI, 1994), whereas the Reitz et al. (1996) model used actual necropsy
results.  The Clewell et al. model also used the actual animal body weights reported by the
authors of the bioassays, and calculated the fat volume from the observed  relationship between
body weight and fat volume in the rodent (ILSI, 1994).  The blood/air and tissue/blood partition
coefficients in the two models are for the most part similar, but the slowly perfused tissue/blood
partition coefficients in the Reitz et al. model are as much as threefold higher than those in the
Clewell et al. model.  Metabolic parameters also differ somewhat between the two models,
reflecting the different data sets used to estimate metabolism in  different species, strains, and
sexes.

The impact of differences in the model parameters can better be evaluated in light of the
results of the parameter sensitivity analysis conducted on the Clewell et al. (1995a) model.  Of
the parameters discussed above for which the two models differ, only the body weight, liver
volume, and metabolism parameters have significant impact on dose metric calculations. 
Alveolar ventilation and the blood/air partition coefficient have only a minor impact, whereas the
fat volume and tissue/blood partition coefficients have essentially no impact at all.  With respect
to the more important differences between the two models in the body weights, liver volumes,
and metabolism parameters, the Clewell et al. model used the actual reported body weights,



3The dose metrics for the Reitz et al. (1996) model were obtained with an ACSL version of the model
(VCDOSE2.CSL) kindly provided by Dr. Reitz.  The only modification of the model for use in this study was to add
a zero-order oral input term.  The model was run with the parameter values shown in Table A-1 and the dose metric
calculations were compared with Tables 4 and 5 in Reitz et al. (1996).  The ACSL model reproduced the reported
mouse dose metrics within 2% and reproduced the human dose metrics exactly.  The minor differences in the mouse
dose metrics are probably due to rounding off of the parameter values as reported in Table 1 of Reitz et al. (1996)
from those originally used to obtain Tables 4 and 5 of that paper (R.H. Reitz, personal communication).
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adopted the most recently recommended liver volumes (ILSI, 1994), and employed a much larger
number of studies to estimate and validate the metabolic parameters.

The best way to compare the impact of model selection on risk estimates is simply to
employ the two models in estimating risks from the same studies.  The results of this exercise are
shown in Tables A-3 through A-5.  Table A-3 shows the dose metrics calculated with the two
models.3  The dose metrics in every case are very similar.  The greatest difference, of about 50%
for the Feron et al. (1981) dietary study, is due to the different values used in the models for the
volume of the liver in the rat.  As mentioned above, the liver volume used in the Clewell et al.
(1995a) model is the value recommended by ILSI (1994).  Table A-4 compares the cancer ED10s
for angiosarcoma calculated with the dose metric from the two models, and Table A-5 provides
the same comparison for noncancer BMD10s for liver necrosis.  It should be noted that although
the NOAEL for liver necrosis is tenfold higher than for liver cell polymorphism, the endpoint
used for development of the RfC and RfD in the present assessment, the model comparison is
still valid. The high level of agreement between the ED10s and BMD10s based on the two different
models demonstrates the reliability of PBPK models that have been properly designed and
validated against experimental data.



Table A-3.  Comparison of values for lifetime average delivered dose (mg/L liver)
LADD (mg/L liver) 

Reference Route Species Duration Dose
Angiosarcomas Clewell et al., 1995 Reitz et al.,

1996Male Female Male Female

Occupational
exposure

Inhalation Human Continuous 1 ppm 1.75 (3.03)a 2.05
Drinking water 0.028 mg/kg/day 0.58 (1.01)a 0.86

Maltoni et al.
(1981, 1984)
(BT4)b

Inhalation Swiss
albino mice

4 hr/d, 5 d/wk for
30 of 104 wks

0 ppm 0/80 0/70
50 ppm 1/30 0/30 33.36 32.33 38.91
250 ppm 9/30 9/30 159.81 138.67 175.36
500 ppm 6/30 8/30 256.57 182.81 269.50
2,500 ppm 6/29 10/30 295.63 246.77 337.01
6,000 ppm 2/30 11/30 304.79 276.34 348.82
10,000 ppm 1/26 9/30 310.22 289.56 354.47

Maltoni et al.
(1981, 1984)
(BT1, BT2,
and BT15)c

Inhalation Sprague-
Dawley rats

4 hr/d, 5 d/wk for
52 of 147 wks
(BT15)

0 ppm 0/108 0/141
1 ppm 0/48 0/55 0.61 0.59 0.74
5 ppm 0/43 0/47 3.03 2.96 3.69
10 ppm 0/42 1/46 6.05 5.90 7.36
25 ppm 1/41 4/40 15.05 14.61 18.37

52 of 135 wks 50 ppm 0/26 1/29 32.46 31.27 39.76
52 of 143 wks
(BT2)

100 ppm 0/37 1/43 59.70 55.95 73.81
150 ppm 1/36 5/46 85.90 76.67 107.36
200 ppm 7/42 5/44 107.39 90.00 135.09

52 of 135 wks
(BT1)

250 ppm 1/28 2/26 130.25 103.45 162.58
500 ppm 0/22 6/28 163.41 116.94 188.89
2,500 ppm 6/26 7/24 220.99 134.37 222.82
6,000 ppm 3/17 10/25 250.71 143.72 245.18

Feron et al.
(1981)

Food Wistar rats 135 weeks
(males)
144 weeks
(females)

0 mg/kg/day 0/55 0/57
1.7 mg/kg/day 0/58 0/58 39.54 38.61 63.67
5.0 mg/kg/day 6/56 2/59 116.10 113.24 187.03
14.1 mg/kg/day 27/59 9/57 325.85 316.63 525.26

aBased on km value of 0.1 as recommended by the expert review panel.
bThe denominator for the incidence data is the total number of mice, as used by Chen and Blancato (1989).
cThe denominator is the number of rats alive when the first angiosarcoma was observed, as used by Chen and Blancato (1989).  However, the male and female
incidence data shown here differ from that reported by Chen and Blancato (1989), after verification with the original study (Maltoni et al., 1984).  
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Table A-4.  Comparison of ED10s in animals based on angiosarcoma incidence

Study Sex

Clewell et al. (1995a) Reitz et al. (1996)

ED10 
(mg metabolite/kg/day)

ED10 
(mg metabolite/kg/day)

95% lower bound MLE 95% lower bound MLE

Rats, inhalation
Maltoni et al. (1981,
1984) (BT1, BT2, and
BT15)

M 112.24 157.14 133.53 180.05

F 53.19 74.35 76.35 105.97

Mice, inhalation
Maltoni et al. (1981,
1984) (BT4)

M 112.07 153.16 125.59 171.62

F 51.94 65.52 67.88 85.63

Average inhalation 82.36 112.54 100.84 135.82

Rats, dietary
Feron et al. (1981)a

M 94.93 132.32 152.89 213.28

F 182.02 241.33 307.14 400.11

Average oral 138.48 186.82 227.01 306.69

aAll risks from the Feron study shown here were calculated using a quantal model, multistage option.  The risks
presented in Appendix B were calculated using a time-to-tumor model, to account for increased deaths in the mid- 
and high-dose groups.

Table A-5.  Comparison of BMD10 values for rats (in units of dose metric)
based on liver necrosis

Study Sex

Clewell et al. (1995a) Reitz et al. (1996)

BMD10
a MLEb BMD10 MLEc

Feron et al. (1981) M 70.04 139.25 112.90 224.48

F 40.41 54.75 66.93 90.68

Average 55.22 97.00 89.92 157.58

aBMD10 is the benchmark dose at 10% extra risk based on dichotomous data.
bMLE=maximum likelihood estimate.
cThe parameter values for the Reitz et al. (1996) model are taken from Table 1 of that publication with the exception 
of the blood/air partition coefficient in the mouse, which was incorrectly reported as 2.26.  The value shown in 
Table A-1 is the value actually used in the risk calculations (R.H. Reitz, personal communication).  
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APPENDIX B.  THE DEVELOPMENT AND VALIDATION OF A PBPK MODEL
FOR VINYL CHLORIDE (VC) AND ITS APPLICATION

IN A CARCINOGENIC RISK ASSESSMENT

This appendix documents the development and documentation of the model used to
estimate VC cancer risk, as well as the results of the modeling.  The risk estimates presented in
this appendix were calculated using the one-stage version of the LMS model, so the specific risk
estimates are slightly different from those calculated using the LMS or ED10/linear models. 
Currently recommended risk values using the LMS and ED10/linear models are presented in the
main document.  Other PBPK models developed for VC, and a comparison between the Clewell
model and another recent model (Reitz et al., 1996), are discussed in Appendix A.

The liver tumor data utilized for model development and presented in this section include
only angiosarcomas, in order to better compare results with other assessments using
angiosarcoma data both for rodents and across species.  Cancer risk estimates were subsequently
revised to include all liver tumors.  These revised estimates are the ones listed in the
Toxicological Review and the cancer summary. Table B-1 summarizes the incidence of
angiosarcomas (in some cases only total angiosarcomas) reported in those chronic animal
bioassays in which a statistically significant increase was observed.  For completeness, however,
two other tumor types observed at low concentrations in the rodent were also analyzed:
nephroblastoma and mammary gland adenocarcinoma.  Table B-2 summarizes the incidence of
these tumors reported in chronic animal bioassays.

B.1.  MECHANISM OF CARCINOGENICITY OF VC

As discussed in the main document, experimental evidence indicates that VC
carcinogenicity is due to a reactive metabolite, probably CEO.  The reactive metabolite forms
DNA adducts, and a persistent DNA adduct is believed to lead to tumorigenesis.

The majority of the DNA adduct studies conducted with VC have been conducted on or
related to the parenchymal hepatocyte.  However, although VC is primarily metabolized in the
hepatocyte (Ottenwalder and Bolt, 1980), the primary target cell for liver carcinogenicity is the
sinusoidal cell, as indicated by the incidence of liver angiosarcoma in both animals and humans. 
Sinusoidal cells show a relatively low activity for transforming VC into reactive, alkylating
metabolites, roughly 12% of the activity of hepatocytes (Ottenwalder and Bolt, 1980).  Therefore,
it has been suggested that the carcinogenic metabolites of VC may have to migrate from the
hepatocytes to produce tumors in the sinusoidal cells (Laib and Bolt, 1980).  This possibility was
suggested by Laib and Bolt (1980) following their observation that alkylating metabolites of VC
were capable of diffusing through an artificial semipermeable membrane in a model in vitro
system.  In studies conducted in vitro with rat hepatocytes by Guengerich et al. (1981), more than
90% of the hexane-insoluble metabolites were found to migrate out of the cell, with more than 



Table B-1.  Summary of the angiosarcoma incidence data from vinyl chloride chronic animal bioassays

Reference Route Strain/species Concentration/
dose Incidence Exposure duration

Lee et al., 1977, 1978 Inhalation Albino CD-1 mice (M,F) 0, 50, 250, 1,000 ppm Males - 0/26, 3/29, 7/29*, 13/33*

Females - 0/36, 0/34, 16/34*,
18/36*

6 hours/day, 5 days/week, 12
months

CD rats (M,F) 0, 250, 1,000 ppm Males - 0/35, 0/36, 2/36, 6/34*

Females - 0/35, 0/36, 10/34*,
15/36*

6 hours/day, 5 days/week, 12
months

Feron et al., 1979a,b, Feron
and Kroes, 1979

Inhalation Wistar rats (M,F) 0, 5,000 ppm Males - 0/62, 6/62*

Females - 0/62, 16/62*
7 hours/day, 5 days/week, 12
months

Hong et al., 1981 Inhalation Albino CD-1 mice (M,F) 0, 50, 250, 1,000 ppm Males - 0/60, 1/40, 8/44*, 6/38*

Females - 1/60, 1/40, 5/40*,
12/38*

6 hours/day, 5 days/week, and
sacrificed at 1, 3, or 6 months

CD rats (M,F) 0, 50, 250, 1,000 ppm Males - 0/36, 0/30, 1/36, 5/36*

Females - 0/36, 0/36, 4/32*,
9/36*, a

6 hours/day, 5 days/week, and
sacrificed at 1, 3, 6 or 10
months

Drew et al., 1983 Inhalation Fischer 344 rats (F) 0, 100 ppm 1/112 (control), 4/76 (0-6)*,
11/55 (0-12)*, 13/55 (0-18)*,
19/55 (0-24), 2/52 (6-12), 0/51
(12-18), 0/53 (18-24), 5/54 (6-
18)*, 2/49 (12-24)

6 hours/day, 5 days/week, 6,
12, 18, or 24 months, or held
for 6 or 12 months and then
exposed for 6 or 12 months

Golden Syrian hamsters
(F)

0, 200 ppm 0/143 (control), 13/88 (0-6)*,
4/52 (0-12)*, 2/103 (0-18), 3/53
(6-12), 0/50 (12-18), 0/52 (18-
24), 1/44 (6-18), 0/43 (12-24)b

6 hours/day, 5 days/week, 6,
12, 18, or 24 months, or held
for 6 or 12 months and then
exposed for 6 or 12 months

B6C3F1 mice (F) 50 ppm 4/69 (control), 46/67 (0-6)*,
69/90 (0-12)*, 27/42 (6-12)*,
30/51 (12-18)*, 30/48 (6-18)*,
29/48 (12-24)*c

6 hours/day, 5 days/week, 6,
12, 18, or 24 months, or held
for 6 or 12 months and then
exposed for 6 or 12 months

CD-1 mice (F) 0, 50 ppm 1/71 (control), 29/67 (0-6)*,
30/47 (0-12)*, 20/45 (0-18)*,
11/49 (6-12)*, 5/53 (12-18),
17/46 (6-18)*, 3/50 (12-24)c

6 hours/day, 5 days/week, 6,
12, 18, or 24 months, or held
for 6 or 12 months and then
exposed for 6 or 12 months
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Table B-1.  Summary of the angiosarcoma incidence data from vinyl chloride chronic animal bioassays (continued)

Keplinger et al., 1975 (8
month interim) MCA, 1980
(in U.S. EPA, 1985)

Inhalation COBS Charles River rats
(M,F)

0, 50, 200, 2,500 ppm 0/143, 28/139*, 82/141*,
114/147*

7 hours/day, 5 days/week for
12 months

CDI Swiss Charles River
mice (M,F)

0, 50, 200, 2,500 ppm 0/97, 46/121*, 130/134*,
101/101*

7 hours/day, 5 days/week for
9 months

Syrian Golden hamsters
(M,F)

0, 50, 200, 2,500 ppm 0/83, 7/74*, 12/88*, 56/66* 7 hours/day, 5 days/week for
12 months

Bi et al., 1985 Inhalation Wistar rats (M) 0, 10, 100, 3,000 ppm 0/19, 0/20, 7/19*, 17/20* 6 hours/day, 6 days/week for
18 months

Maltoni et al., 1981, 1984
(BT1)

Inhalation Sprague-Dawley rats
(M,F)

0, 50, 250, 500, 2,500,
6,000, 10,000 ppm

0/58, 1/60, 3/59, 6/60, 13/60,
13/59*, 7/60d

4 hours/day, 5 days/week for
52 weeks (135 weeks)

Maltoni et al., 1981, 1984
(BT2)

Inhalation Sprague-Dawley rats
(M,F)

0, 100, 150, 200 ppm 0/185, 1/120, 6/119, 12/120*d 4 hours/day, 5 days/week for
52 weeks (143 weeks)

Maltoni et al., 1981, 1984
(BT9)

Inhalation Sprague-Dawley rats
(M,F)

0, 50 ppm 0/98, 14/294* 4 hours/day, 5 days/week for
52 weeks (142 weeks)

Maltoni et al., 1981, 1984
(BT15)

Inhalation Sprague-Dawley rats
(M,F)

0, 1, 5, 10, 25 ppm 0/120, 0/118, 0/119, 1/119,
5/120*d

4 hours/day, 5 days/week for
52 weeks (147 weeks) 

Maltoni et al., 1981, 1984
(BT10)

Inhalation Sprague-Dawley rats
(M,F)

0 (Group VII), 6,000
(Groups II, IV, VI),
10,000 (Groups I, III, V)
ppm

1/118 (Group I), 0/120 (Group
II), 1/119 (Group III), 3/118*

(Group IV), 1/119 (Group V),
1/120 (Group VI), 0/227 (Group
VII)

Groups I and II - 4 hours/day,
5 days/week, 5 weeks
Groups III and IV - 1
hour/day, 4 days/week for 25
weeks
Groups V and VI - 4
hours/day, 1 day/week for 25
weeks (154 weeks)

Maltoni et al., 1981, 1984
(BT7)

Inhalation Wistar rats (M) 0, 50, 250, 500, 2,500,
6,000, 10,000 ppm

0/38, 0/28, 1/27, 3/28, 3/25,
3/26, 8/27*

4 hours/day, 5 days/week, for
52 weeks (165 weeks)

Maltoni et al., 1981, 1984
(BT4)

Inhalation Swiss mice (M,F) 0, 50, 250, 500, 2,500,
6,000, 10,000 ppm

0/150, 1/60, 18/60*, 14/60*,
16/59*, 13/60*, 10/56*

4 hours/day, 5 days/week for
30 weeks (81 weeks)

B
-3



Table B-1.  Summary of the angiosarcoma incidence data from vinyl chloride chronic animal bioassays (continued)

Reference Route Strain/species
Concentration/

dose
Incidence Exposure duration

Maltoni et al., 1988
(BT4001, 4006)

Inhalation Sprague-Dawley rats
(Breeders - F; Embryos -
M,F)

0, 2,500 ppm Breeders - 0/60, 27/54
Embryos (M) - 0/158 (control),
24/60* (Group I), 36/64* (Group
II)
Embryos (F) - 0/149 (control),
28/60* (Group I), 46/63* (Group
II)

Breeders - 4 hours/day, 5
days/week for 7 weeks and
then 7 hours/day, 5 days/week
for 69 weeks
Embryos - 4 hours/day, 5
days/week for 7 weeks and
then 7 hours/day 5 days/week
for 8 (Group I) or 69 weeks
(Group II)

Groth et al., 1981 Inhalation Sprague-Dawley rats
(M,F) (ages 6, 18, 32, and
52 weeks)

0, 940 ppm e6 weeks - males - 0/110, 1/83,
females - 0/110, 2/88
18 weeks - males - 0/119, 2/91,
females - 0/120, 7/97*

32 weeks - males - 1/115, 7/94*,
females - 0/120, 27/98*

52 weeks - males - 0/128,
18/102*,females -0/127, 14/104*

7 hours/day, 5 days/week for
24 weeks

Radike et al., 1981 Inhalation Sprague-Dawley rats (M) 0, 600 ppm 0/80, 18/80* 4 hours/day, 5 days/week for
52 weeks

Feron et al., 1981 Oral - diet Wistar rats (M,F) 0, 1.7, 5.0, 14.1
mg/kg/day

Males - 0/55, 0/58, 6/56*,
27/59*

Females- 0/57, 0/58, 2/59, 9/57*

4 hours/day for 135 or 144
weeks

Maltoni et al., 1981, 1984
(BT11)

Gavage Sprague-Dawley rats
(M,F)

0, 2.38, 11.9, 35.7
mg/kg/day

0/80, 0/80, 10/80*, 17/80* 4 to 5 days/week for 52 weeks
(136 weeks)

*Significantly different from control at p=0.05.
aIncidence for both males and females includes only those animals sacrificed at 6 and 10 months.  The incidence data for those animals sacrificed at 1 and 3 months
was not reported.
bIncidence reported for hemangiosarcomas at all sites only.  The authors reported that these tumors occurred primarily in the skin, spleen, and liver.
cHemangiosarcomas for all sites reported.
dThe denominator shown is the total number of animals examined.  However, the denominator used for risk calculations was the number alive when the first
angiosarcoma was observed, as shown in Table C-5.
eReported total angiosarcomas.
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Table B-2.  Summary of incidence data on other low-dose tumors from vinyl chloride chronic animal bioassays

Reference Route Species Endpoint Dose Incidencea Exposure duration

Lee et al.,
1977, 1978

Inhalation Albino CD-1
mice (F)

Mammary gland tumors 0, 50, 250, 1,000
ppm

0/36, 9/34, 3/34, 13/36 6 hr/d, 5 d/wk, 12 mo

Drew et al.,
1983

Inhalation Fischer-344
rats (F)

Mammary gland:
fibroadenoma and
adenocarcinoma

0, 100 ppm Fibroadenoma: 
24/112, 26/55 (0-24)
Adenocarcinoma:
5/112, 5/55 (0-24)

6 hr/d, 5 d/wk, 6, 12,
18 or 24 mo, or held
for 6 or 12 mo and
then exposed for 6 or
12 mo

Fischer-344
rats (F)

Hepatocellular carcinoma 0, 100 ppm Females: 1/112, 9/55 (0-24)

Golden
Syrian
hamsters (F)

Mammary gland
carcinoma

0, 200 ppm Females: 0/143, 47/102 (0-18)

B6C3F1 mice
(F)

Mammary gland
carcinoma

0, 50 ppm Females:  3/69, 37/90 (0-12)

CD-1 Swiss
mice (F)

Mammary gland
carcinoma

0, 50 ppm Females: 2/71, 22/45 (0-18)

Radike et al.,
1981

Inhalation Sprague-
Dawley rats
(M)

Hepatocellular carcinoma 0, 600 ppm Males: 1/80, 35/80 
(0-11.5)

4 hr/d, 5 d/wk, 52
wks

Maltoni et al.,
1981, 1984
(BT1)

Inhalation Sprague-
Dawley rats
(M,F)

Nephroblastoma 0, 50, 250, 500,
2,500, 6,000,
10,000 ppm

M & F: 0/58, 1/60, 5/59, 6/60,
6/60, 5/59, 5/60

4 hr/d, 5 d/wk for 52
wk (held 135 wk)

Mammary malignant
tumor

0, 50, 250, 500,
2,500, 6,000,
10,000 ppm

M & F: 0/58, 2/60, 2/59, 1/60,
2/60, 0/59, 3/60

Maltoni et al.,
1981, 1984
(BT2)

Inhalation Sprague-
Dawley rats
(M,F)

Nephroblastoma 0, 100, 150, 200
ppm

M & F: 0/185, 10/120, 11/119,
7/120

4 hr/d, 5 d/wk for 52
wk (held 143 wk)

Mammary malignant
tumor

0, 100, 150, 200
ppm

M & F: 2/128, 4/120, 6/119,
6/120
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Table B-2.  Summary of incidence data on other low-dose tumors from vinyl chloride chronic animal bioassays
(continued)

Reference Route Species Endpoint Dose Incidencea Exposure duration

Maltoni et al.,
1981, 1984
(BT4)

Inhalation Swiss mice
(M,F)

Mammary carcinoma 0, 50, 250, 500,
2,500, 6,000,
10,000 ppm

1/150, 12/60, 12/60, 8/60,
8/59, 8/60, 13/56

4 hr/d, 5 d/wk for 30
wk (held 81 wk)

Maltoni et al.,
1981, 1984
(BT3)

Inhalation Sprague-
Dawley rats
(M,F)

Nephroblastoma 0, 50, 250, 500,
2,500, 6,000,
10,000 ppm

M&F: 0/190, 3/58, 6/59, 0/60,
2/60, 1/60, 1/58

4 hr/d, 5 d/wk, 17 wk

Mammary malignant
tumor

0, 50, 250, 500,
2,500, 6,000,
10,000 ppm

M&F: 5/190, 1/58, 1/59, 3/60,
4/60, 1/60, 1/58

Maltoni et al.,
1981, 1984
(BT9)

Inhalation Sprague-
Dawley rats
(M,F)

Nephroblastoma 0, 50 ppm M&F: 0/98, 1/294 4 hr/d, 5 d/wk for 52
wk (held 142 wk)

Mammary malignant
tumor

0, 50 ppm M&F: 10/98, 62/294

Maltoni et al.,
1981, 1984
(BT15)

Inhalation Sprague-
Dawley rats
(M,F)

Nephroblastoma 0, 1, 5, 10, 25
ppm

M&F: 0/120, 0/118, 0/119,
0/119, 1/120

4 hr/d, 5 d/wk for 52
wk (held 147 wk)

Mammary malignant
tumor

0, 1, 5, 10, 25
ppm

M&F: 7/120, 15/118, 22/119,
21/119, 17/120

Maltoni et al.,
1981, 1984
(BT10)

Inhalation Sprague-
Dawley rats
(M,F)

Nephroblastoma Gp VII: control;
Gps I, III, V:
10,000 ppm;
Gps II, IV, VI:
6,000 ppm

Gp VII: 0/227; Gps I, III, V:
0/118, 0/119, 0/119; Gps II,
IV, VI: 1/120, 0/118, 1/120

Gps I & II: 4 hr/d, 5
d/wk, 5 wks; Gps III
& IV: 1 hr/d, 4 d/wk,
25 wks; Gps V & VI:
4 hr/d, 1 d/wk, 25
wks (held 154 wks)

Mammary malignant
tumor

Gp VII: control;
Gps I, III, V:
10,000 ppm;
Gps II, IV, VI:
6,000 ppm

Gp VII: 17/227; Gps I, III, V:
13/118, 16/119, 20/119; Gps
II, IV, VI: 13/120, 11/118,
12/120
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Table B-2.  Summary of incidence data on other low-dose tumors from vinyl chloride chronic animal bioassays
(continued)

Reference Route Species Endpoint Dose Incidencea Exposure duration

Feron et al.,
1981

Oral – diet Wistar rats
(M,F)

Hepatocellular carcinoma 0, 1.7, 5.0, 14.1
mg/kg body
weight/day

Males: 0/55, 1/58, 2/56, 8/59
Females: 0/57, 4/58, 19/59,
29/57

135 or 144 wks

Neoplastic nodules 0, 1.7, 5.0, 14.1
mg/kg body
weight/day

Males:  0/55, 1/58, 7/56, 23/59
Females: 2/57, 26/58, 39/59,
44/57

Combined incidence of
angiosarcomas,
hepatocellular carcinoma,
and neoplastic nodules

0, 1.7, 5.0, 14.1
mg/kg body
weight/day

Males:  0/55, 2/58, 11/56,
41/59
Females: 2/57, 28/58, 49/59,
56/57

Til et al., 1983 Oral – diet Wistar rats
(M,F)

Hepatocellular carcinoma 0, 0.017, 0.17,
1.7 mg/kg body
weight/day

Males: 0/99, 0/99, 0/99, 3/49
Females: 1/98, 0/100, 1/96,
3/49

149 wks

Neoplastic nodules 0, 0.017, 0.17,
1.7 mg/kg body
weight/day

Males: 0/99, 0/99, 0/99, 3/49
Females: 0/98, 1/100, 1/96,
10/49

Combined incidence of
angiosarcomas,
hepatocellular carcinoma,
and neoplastic nodules

0, 0.017, 0.17,
1.7 mg/kg body
weight/day

Males: 0/99, 0/99, 0/99, 5/49
Females: 1/98, 1/100, 1/96,
11/49

Mammary gland tumors 0, 0.017, 0.17,
1.7 mg/kg body
weight/day

Males: 5/99, 8/99, 3/99, 0/49
Females: 41/98, 21/100, 28/96,
21/48

aTumor incidence provided for longest duration of exposure only.
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70% of the total irreversibly bound species found outside the cell.  These results were interpreted
to indicate that the majority of the reactive metabolites can leave the intact hepatocyte.  On the
other hand, sinusoidal cells do possess the ability to produce reactive metabolites from VC, 
albeit at a slower rate than the hepatocyte (Ottenwalder and Bolt, 1980).  In either case, the
greater susceptibility of the sinusoidal cells to the carcinogenic effects of VC may result from an
inability of the sinusoidal cells to repair one or more of the DNA adducts produced by VC as
efficiently as the hepatocytes.  Furthermore, the same dose metric (e.g., total amount of VC
metabolism divided by the volume of the liver) is applicable whether the carcinogenic
metabolites are produced in the hepatocyte or the sinusoidal cell.  

B.2.  SELECTION OF RISK ASSESSMENT APPROACH

Based on the information above on the pharmacokinetics, metabolism, and mechanism of
carcinogenicity of VC, it is necessary to determine the appropriate approach for conducting a
human risk assessment.  Clearly, the evidence is strong that the carcinogenicity of VC is related
to the production of reactive metabolic intermediates.  The most appropriate pharmacokinetic
dose metric for a reactive metabolite is the total amount of the metabolite generated divided by
the volume of the tissue into which it is produced (Andersen et al., 1987a).  In the case of VC,
reasonable dose metrics for angiosarcoma would include the total amount of metabolism divided
by the volume of the liver (RISK), or the total amount of metabolism not detoxified by reaction
with glutathione, again divided by the volume of the liver (RISKM).  A third, less likely
possibility, that the GSH conjugate of VC is subsequently metabolized to a reactive species that
is responsible for the carcinogenicity, can also be considered by using a dose metric based on the
total amount of reaction with GSH divided by the volume of the liver (RISKG).  The assumption
underlying the use of these dose metrics is that the concentration of the actual carcinogenic
moiety, or the extent of the crucial event associated with the cellular transformation, is linearly
related to this pseudoconcentration of reactive intermediates, and that the relationship of the
actual carcinogenic moiety or crucial event to the dose metric is constant across concentration
and species.  Specifically, the average amount generated in a single day is used, averaged over
the lifetime (i.e., the lifetime average daily dose, or LADD).  The use of a dose rate, such as the
LADD, rather than total lifetime dose, has been found empirically to provide a better cross-
species extrapolation of chemical carcinogenic potency (U.S. EPA, 1992).  

Subsequent steps in the carcinogenic mechanism related to specific adduct formation,
detection, and repair, as well as to the consequences of DNA mistranscription/misreplication and
the potential impact of increased cell proliferation, have been only sketchily outlined and have
not yet reached the point where they could be incorporated into a risk assessment or model in 
any quantitative form.  However, there appears to be sufficient evidence to justify the 
assumption that VC acts as a classic initiator, producing genetic transformations through direct
reaction of its metabolites with DNA.  Therefore, the traditional assumption of low-dose 
linearity of risk appears to be warranted, and the linearized multistage (LMS) model would seem
to be the most appropriate for low-dose extrapolation.
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B.3.  DESCRIPTION OF PBPK MODEL FOR VC

B.3.1.  General - Model Outputs (Dose Metrics) and Conversion to Human Values

The PBPK model for VC developed in this study was shown in Figure A-1.  As
mentioned earlier, the model is basically an adaptation of a previously developed PBPK model
for vinylidene chloride (D'Souza and Andersen, 1988).  For a poorly soluble, volatile chemical
like VC, only four tissue compartments are required: a richly perfused tissue compartment that
includes all of the organs except the liver, a slowly perfused tissue compartment that includes all
of the muscle and skin tissue, a fat compartment that includes all of the fatty tissues, and a liver
compartment.  All metabolism is assumed to occur in the liver, which is a good assumption in
terms of the overall kinetics of VC, but the assumption would have to be revised to include
target-tissue-specific metabolism if a serious attempt were to be made to perform a VC risk
assessment for a tissue other than the liver (Andersen et al., 1987a).  The model also assumes
flow-limited kinetics, or venous equilibration; that is, that the transport of VC between blood and
tissues is fast enough for steady state to be reached within the time it is transported through the
tissues in the blood.

Metabolism of VC is modeled by two saturable pathways, one high affinity, low capacity
(with parameters VMAX1C and KM1) and one low affinity, high capacity (with parameters
VMAX2C and KM2).  Subsequent metabolism is based on the metabolic scheme shown in
Figure 1 of the main text of the Toxicological Review. The reactive metabolites (whether CEO,
CAA, or other intermediates) may then either be metabolized further, leading to CO2; react with
GSH; or react with other cellular materials, including DNA.  Because exposure to VC has been
shown to deplete circulating levels of GSH, a simple description of GSH kinetics was also
included in the model.

The model is designed for input from inhalation (using inhaled concentration), gavage
(using a first-order rate constant for uptake from corn oil), and drinking water/diet (using a zero-
order rate constant for uptake), although the data available to support these routes (shown below)
vary considerably.  Various dose rate scenarios can be accommodated for inhalation (e.g.,
number of hours exposed/day and number of days/week) and for water/diet (e.g., mg/kg 
absorbed over a set number of hours).  Continuous exposure scenarios can also be simulated.  As
discussed above, the most logical output from the model upon which to base this assessment is
the total amount of VC metabolized in the liver divided by the volume of the liver, designated as
“RISK” in the model.  The other dose metrics mentioned above, RISKM and RISKG, were
considered but were not used in this assessment.  The direct output from the model is the daily
average dose for either the RISK dose metric or for the total amount of VC metabolized/body
weight (designated “AMET”).  Lifetime average delivered doses (LADDs) were calculated by
factoring the daily average dose (the actual model output) both by the fraction of the week
exposed (e.g., 5/7 days) and by the fraction of the lifespan the exposure period spanned (e.g.,
52/147 weeks).
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As discussed in the main document, the risk modeling was conducted using the animal
target tissue dose, i.e., the dose metric RISK.  The calculated risk values based on the animal
dose metric were assumed to correspond to those from the same human dose metric.  The human
dose metric was then converted to a human dose as described in the main document.  The
following equations were then used to calculate the risk in the units of mg vinyl chloride
ingested/kg body weight/day (oral) or :g vinyl chloride/m3 (inhalation):

Administered dose slope factor (oral, LED10 method) = 0.1 ÷ tissue dose LED10 (mg
metabolite/kg tissue/day) × 1.01 [(mg metabolite/kg tissue/day)/(mg/L vinyl chloride in
drinking water)] ÷ 2 L water ingested/day × 70 kg
where:

Tissue dose LED10 is the lower bound on the ED10, in units of (mg metabolite/kg
tissue/day) and is derived from the TOXRISK output;

0.1 represents the 10% response that is divided by the calculated LED10 to get the slope
at the LED10;

1.01= Conversion factor for the dose of metabolites to the human liver from a sample        
            human continuous oral exposure (1 mg/L in drinking water);

70 kg = Human default body weight;

2 L/d = Default for daily drinking water ingestion.

Using the linearized multistage model, the conversion is as follows:  

Administered dose slope factor (LMS) = Target tissue slope factor (mg metabolite/kg
tissue/day)-1 × 1.01 [(mg metabolite/kg tissue/day)/(mg/L vinyl chloride in drinking
water)] ÷ 2 L water ingested/day × 70 kg

where the constants in the conversion are as described above.

To calculate the inhalation unit risk using the LED10 method, the conversion is as follows:

Inhalation unit risk (LED10 method) = 0.1 ÷ tissue dose LED10 (mg metabolite/kg
tissue/day) × 3.03 [(mg metabolite/kg tissue/day)/(ppm vinyl chloride)] × 0.039
(ppm/mg/m3) × 10-3 (:g/m3)/(mg/m3) 

where:

3.03 = Conversion factor for the dose of metabolites to the human liver from a sample
human continuous inhalation exposure (1 ppm in air).
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B.4.  PARAMETERIZATION AND VALIDATION
  

The parameters for the model are listed in Tables B-3 and B-4.  The physiological
parameters are the current EPA reference values (U.S. EPA, 1988), except for alveolar
ventilation in the human, which was calculated from the standard EPA value for the ventilation
rate in the human, 20 m3/day, assuming a 33% pulmonary dead space.  The partition coefficients
for Fischer-344 (F344) rats were taken from Gargas et al. (1989), and those for Sprague-Dawley
rats were taken from Barton et al. (1995).  The Sprague-Dawley values were also used for
modeling of Wistar rats.  Blood/air partition coefficients for the other species were obtained 
from Gargas et al. (1989), and the corresponding tissue/blood partition coefficients were
estimated by dividing the Sprague-Dawley rat tissue/air partition coefficients by the appropriate
blood/air value.

The affinity for the 2E1 pathway (KM1) in the rat, mouse, and hamster was set to 0.1 on
the basis of studies of the competitive interactions between CYP2E1 substrates in the rat (Barton
et al., 1995; Andersen et al., 1987b).  The affinity used for the non-2E1 pathway (KM2) in the
mouse and rat was set during the iterative fitting of the rat total metabolism, glutathione
depletion, and rate of metabolism data, described below.  The capacity parameters for the two
oxidative pathways (VMAX1C and VMAX2C) in the mouse, rat, and hamster were estimated by
fitting the model to data from closed-chamber exposures with each of the species and strains of
interest (Barton et al., 1995; Bolt et al., 1977; Clement, 1990; Gargas et al., 1990).  After the
other parameters were scaled from animal weights obtained from individual studies, the model
was exercised for optimization to a single pair of values, VMAX1C and VMAX2C, to be used
for all of the data on a given sex/strain/species.  

Initial estimates for the subsequent metabolism of the reactive metabolites and for the
glutathione submodel in the rat were taken from the model for vinylidene chloride (D'Souza and
Andersen, 1988).  These parameter estimates, along with the estimates for VMAX2C and KM2,
were then refined for the case of VC in the Sprague-Dawley rat using an iterative fitting process
that included the closed-chamber data for the Sprague-Dawley and Wistar rat (Barton et al.,
1995; Bolt et al., 1977; Clement, 1990) along with data on glutathione depletion (Jedrychowski
et al., 1985; Watanabe et al., 1976d), and total metabolism (Gehring et al., 1978).  The
parameters obtained for the rat were used for the other species with appropriate allometric 
scaling (e.g., body weight to the -1/4 for the first order rate constants).

Figures B-1a through B-1d show the results of this interactive fitting process for mice 
and Figures B-2a through B-2g present the results for several strains of rats, with Figure B-2h
demonstrating the fit to hamster data.  Figures B-3a through B-3c demonstrate the capability of
the model to simulate depletion of internal GSH (measured as cytoplasmic nonprotein sulfhydryl
concentration) as a function of external air exposure to various concentrations of VC and as a
function of time after inhalation exposure to VC (Jedrychowski et al., 1985).  Figure B-4 shows
data and simulation results from modeling total metabolism (the amount of radiolabeled VC 
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Table B-3.  Model parameters and their coefficients of variation for the Vinyl
Chloride Model

Unscaled parameters

Mouse (CV-%)a Rat (CV-%) Human (CV-%)

BW Body weight (kg) —b  (11) —  (11) 70.0 (30)

QPC Alveolar ventilation (L/hr, 1 kg animal) 30.0 (58) 21.0 (58) 24.0 (16)

QCC Cardiac output (L/hr, 1 kg animal) 18.0 ( 9) 18.0 ( 9) 16.5 ( 9)

Tissue blood flows (fraction of cardiac output):

QRC Flow to rapidly perfused tissues 0.51 (50) 0.51 (50) 0.5 (20)

QFC Flow to fat 0.09 (60) 0.09 (60) 0.05 (30)

QSC Flow to slowly perfused tissues 0.15 (40) 0.15 (40) 0.19 (15)

QLC Flow to liver 0.25 (96) 0.25 (96) 0.26 (35)

Tissue volumes (fraction of body weight):

VSC Volume of slowly perfused tissues 0.77 (30) 0.75 (30) 0.63 (30)

VFC Volume of fat —  (30) —  (30) 0.19 (30)

VRC Volume of richly perfused tissues 0.035 (30) 0.05 (30) 0.064 (10)

VLC Volume of liver 0.055 ( 6) 0.04 ( 6) 0.026 ( 5)

Partition coefficients:

PB Blood/air 2.26 (15) 2.4 (15) 1.16 (10)

PF Fat/blood 10.62 (30) 10.0 (30) 20.7 (30)

PS Slowly perfused tissue/blood 0.42 (20) 0.4 (20) 0.83 (20)

PR Richly perfused tissue/blood 0.74 (20) 0.7 (20) 1.45 (20)

PL Liver/blood 0.74 (20) 0.7 (20) 1.45 (20)

Metabolic parameters:

VMAX1C Maximum velocity of first saturable pathway
(mg/hr, 1 kg animal)

— (20) — (20) 4.0 (30)

KM1 Affinity of first saturable pathway (mg/L) 0.1 (30) 0.1 (30) 0.1 (50)

VMAX2C Maximum velocity of second saturable
pathway (mg/hr, 1 kg animal)

— (20) —  (20) 0.1 ( 0)
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Table B-3.  Model parameters and their coefficients of variation for the Vinyl
Chloride Model (continued)

KM2 Affinity of second saturable pathway (mg/L) 10.0 (30) 10.0 (30) 10.0 (50)

GSH parameters:

KCO2C First order CEO breakdown to CO2 1.6 (20) 1.6 (20) 1.6 (20)

KGSMC Conjugated rate constant with metabolite 0.13 (20) 0.13 (20) 0.13 (20)

KFEEC Conjugated rate constant with non-GSH 35.0 (20) 35.0 (20) 35.0 (20)

GSO Initial GSH concentration 5,800.0 (20) 5,800.0 (20) 5,800.0 (20)

KBC First order rate constant for GSH breakdown 0.12 (20) 0.12 (20) 0.12 (20)

KS Constant controlling resynthesis 2,000.0 (20) 2,000.0 (20) 2,000.0 (20)

KOC Zero order production of GSH 28.5 (20) 28.5 (20) 28.5 (20)

Dosing parameters:

KA Oral uptake rate (/hr) 3.0 (50) 3.0 (50) 3.0 (50)

aCV-%:  Coefficient of variation = (Standard deviation/mean) × 100
bSee Table B-4.

Table B-4.  Strain/study-specific parameter values

BW VFC VMAX1C VMAX2C

Swiss albino mice
(inhalation study)

Male
Female

   0.044 
   0.040

   0.13
   0.12

8.0
5.0

0.1a

3.0

Sprague-Dawley rats
(inhalation study)

Male - low dose
Male - high dose
Female - low dose
Female - high dose

0.638
0.433
0.485
0.321

0.19
0.13

  0.200
0.14

4.0
4.0
3.0
3.0

2.0
2.0
0.1a

0.1a

Sprague-Dawley rats
(gavage study)

Male - low dose
Male - high dose
Female - low dose
Female - high dose

0.632
0.405
0.445
0.301

0.19
0.12
0.18
0.13

4.0
4.0
3.0
3.0

2.0
2.0
0.1a

0.1a

Wistar rats
(drinking water study)

Male
Female

0.436
0.245

0.14
0.11

4.0
3.0

2.0
0.1a
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Scaled Parameters

QP = QPC*BW0.75

QC = QCC*BW0.75

QR = QRC*QC
QF = QFC*QC
QS = QSC*QC
QL = QLC*QC
QC = QL + QF + QS + QR

Note: Since all of the input parameters are subject to modification by the Monte Carlo analysis, it is necessary to
recompute the total blood flow in order to maintain mass balance (where QCC, QLC, QFC, QSC, and QRC are
subject to modification).
                       
VS = VSC*BW
VF = VFC*BW
VR = VRC*BW
VL = VLC*BW

VMAX1 = VMAX1C*BW0.75

VMAX1M = VMAX1C*BW0.75*1000.0/MW
VMAX2 = VMAX2C*BW0.75

VMAX2M = VMAX2C*BW0.75*1000.0/MW

KCO2 = KCO2C/BW0.25

KGSM = KGSMC/BW0.25

KFEE = KFEEC/BW0.25

GSO= VLC*BW*GSO
KB = KBC/BW0.25

KO = KOC*BW0.75

Principal Dose Surrogate

RISK = (Total amount metabolized)/VL

Other Dose Surrogates

RISK1 = (Total amount metabolized by pathway 1)/VL
RISKG = (Total amount reacted with glutathione)/VL
RISKM = (Total amount binding to cellular materials)/VL
RISKT = Lifetime Average Daily Dose based on RISK
RISKN = Lifetime Average Daily Dose based on RISKM
RISKR = Lifetime Average Daily Dose based on RISKG
RISKT1 = Lifetime Average Daily Dose based on RISK1

aThe value of this parameter was normally set to zero.  It was only set to 0.1 for the PBPK_SIM runs.  The variance
for this parameter was set to zero in the PBPK_SIM runs.
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(a)
 

(b)

(c) (d)

Figure B-1.  Model predictions (lines) and experimental data (symbols) for the chamber
concentration during exposure of mice or hamsters to VC in a closed, recirculated chamber
(Clement, 1990):  (a) male B6C3F1 mice; (b) female B6C3F1 mice; (c) male CD-1 mice; (d)



B-16

(b)

(c) (d)

(a)

Figure B-2.  Model predictions (lines) and experimental data (symbols) for the chamber
concentration during exposure of rats to VC in a closed, recirculated chamber:  (a) male
F344 rats (Gargas et al., 1990); (b) male F344 rats (Clement, 1990); (c) female F344 rats
(Clement, 1990); (d) male Sprague-Dawley rats (Barton et al., 1995). 
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(e) (f)

(g)

Figure B-2 (continued): (e) male Wistar rats (Bolt et al., 1977); (f) male Wistar rats
(Clement, 1990); (g) female Wistar rats (Clement, 1990).
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(h)

Figure B-2 (continued):  (h) male Golden Syrian hamsters (Clement, 1990).
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(a) (b)

(c)

Figure B-3.  Model-predicted (lines) and experimentally determined (symbols):  (a) GSH
concentrations (% controls) after 4-hr inhalation exposures to VC at concentrations of (top
to bottom) 15, 50, 150, 500, and 15,000 mg/m3 (Jedrychowski et al., 1985); (b) glutathione
concentrations (% control animal levels) immediately following 4-hr inhalation exposures
to VC (Jedrychowski et al., 1985); (c) GSH concentrations (% controls) immediately
following 6-hr inhalation exposures to VC (Watanabe et al., 1976a).
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Figure B-4.  Model-predicted (lines) and experimentally determined (symbols) total 
amount metabolized during 6-hr inhalation exposures to VC (Gehring et al., 1978).
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remaining in rat carcasses after a 6-hr air exposure to VC) (Gehring et al., 1978).  No systematic
errors could be surmised from these results, indicating that the kinetic parameters optimized by
the model were valid for the species/strain/sex over a wide range of external air concentrations.

Parameterization of the P450 metabolism pathways in the human was accomplished as
follows:  There is no evidence of high-capacity, low-affinity P450 metabolism for chlorinated
ethylenes in the human; therefore, VMAX2C in the human was set to zero.  The ratio of
VMAX1C to KM1 could be estimated by fitting the model to data from closed-chamber studies
with human subjects (Buchter et al., 1978) in a manner entirely analogous to the method used for
the animal closed-chamber analysis.  The result of this process is shown in Figures B-6a and B-
6b.  The precision and sensitivity of the estimate of VMAX1C/KM1 can be evaluated by a
comparison of the several model runs shown in these figures, as each simulation was based on a
separate designation of VMAX1C.  It can be seen that the estimate of VMAX1C/KM1 in each
subject can be determined to within about 30% to 50%, but that the ratio varies between the two
subjects, as represented by the two lines on Figure B-6b.  This variability of CYP2E1 activity in
the human is not surprising; several studies have demonstrated a variability of human CYP2E1
activity of roughly an order of magnitude (Reitz et al., 1989; Sabadie et al., 1980).  This wide
variability is not observed in the inbred strains typically used in animal studies; for example, the
coefficient of variation (standard deviation divided by the mean) for CYP2E1 activity in rats in
one of these same studies was only 14% (Sabadie et al., 1980).  This wide variability in human
CYP2E1 activity is an important consideration for estimating the potential difference between
average population risk and individual risk in a human cancer risk assessment for materials like
VC, whose carcinogenicity depends on metabolic activation.

In order to obtain separate estimates of VMAX1C and KM1 in the human, higher
exposure concentration closer to metabolic saturation would be required.  Fortunately, cross-
species scaling of CYP2E1 between rodents and humans appears to follow allometric
expectations for metabolism very closely; that is, the metabolic capacity scales approximately
according to body weight raised to the 3/4 power (Andersen et al., 1987a).  Support for the
application of this principle to VC can be obtained from data on the metabolism of VC in
nonhuman primates (Buchter et al., 1980).  On the basis of data for the dose-dependent 
metabolic elimination of VC in the rhesus monkey, the maximum capacity for metabolism can 
be estimated to be about 50 :mol/hr/kg.  This equates to a VMAX1C (the allometrically scaled
constant used in the model) of approximately 4 mg/hr for a 1 kg animal, which is in the same
range as those estimated for rodents from the closed chamber exposure data.  The similarity of
VMAX1C in humans and rats is also supported by an in vitro study that found the activity of
human microsomes to be 84% of the activity of rat microsomes.  Based on these comparisons,
the human VMAX1C was set to the primate value and KM1 was calculated using this value of
VMAX1C and the ratio of VMAX1C/KM1 obtained from the closed chamber analysis.  The
ability of the resulting human model to reproduce inhalation exposure data (Buchter et al., 1978;
Baretta et al., 1969) is shown in Figures B-6c, B-6d, and B-7.  Note that the reproduction of
parent chemical concentrations for a constant concentration inhalation exposure is not a
particularly useful test of the accuracy of the metabolism parameters in a PBPK model of a
volatile compound.  The results of Figure B-7, in which three conditions of metabolism were run
for each concentration (none, optimized value and twice the optimized value for VMAX1C),
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indicate that the discrepancies or agreement between the model and the data are due primarily to
details of the physiological description of the individual, such as fat content, ventilation rate,
blood/air partition, etc., rather than rate of metabolism.

In reviewing the selection of parameters by the expert panel, there was agreement that the
values adopted were suitable, except for the KM1 of 1.0 for humans.  It was noted that the
derivation of this Km value was based upon a relative insensitive fitting exercise, in which the
highest value is generally chosen.  The highest value, however, does not necessarily reflect the
actual rate of substrate oxidation at the enzyme active site.  As noted by Kedderis et al. (1993) in
vitro data with human enzymes do not indicate significant species differences in the kinetic
parameters for CYP2E1 substrates. Therefore, the same KM1 value of the rodents, 0.1, was
recommended and adopted for use as the human parameter.  This metabolic value would indicate
the same rapid affinity for VC metabolism in humans as in rats.

Figures B-1 through B-4, B-6, and B-7 provide a basis to favorably evaluate the 
capability of the inhalation portion of the model and its parameters to reproduce and predict
results from experimental inhalation data.  There are, however, limited data to judge the
capability and performance of the oral portion of the model.  Figures B-8a, b, and c are data and
model simulations of blood levels of VC after gavage administration of VC at the doses
indicated.  Modeled simulations provide poor fits to these depuration data, which are themselves
problematic.  A similarly poor data fit was observed with expiration of carbon dioxide in rats
following oral dosing with VC (Figure B-5).  There are no experimental data from drinking 
water or dietary studies to judge the performance of the oral portion of the model, although they
would be expected to provide a better fit.  In the case of gavage dosing, rapid uptake of large
doses will result in a significant percentage of the VC being exhaled unmetabolized.

The significance to the overall assessment of having experimental data to judge
capabilities of a PBPK model relates directly to the confidence in model output, i.e., the dose
metrics.  Based on the existing experimental data, a much higher confidence would be placed in
dose metrics derived from inhalation studies than for those derived from oral studies.  Strategic
programming within the PBPK model can, however, offset this lack of confidence.  This would
be done by maximizing the potential of an oral dose for expressing toxicity, i.e., maximizing the
conversion of the parent dose to the reactive species.  This has been accomplished in the oral
dose inputs by designating VC uptake from the dietary/drinking water route as zero-order (i.e.,
independent of concentration) and occurring over a 24-hr period.  Thus, for oral inputs the model
calculates total VC uptake spread out over a period where the concentrations would not exceed
the capacity of the metabolic processes to work at maximum efficiency (i.e., where Vmax/Km
are linear).  These designations would produce the maximum value of the dose metric (mg
metabolite/L liver) and may be viewed as being conservative or “worst case” with respect to 
what may actually occur during an oral dose.  Coupled with the use of the same hepatic
metabolic processes for both inhalation and oral inputs, this strategy is considered to increase the
confidence in dose metrics derived from oral inputs.    
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B.5.  COMPARISON OF RISK ASSESSMENTS FOR VC INHALATION

The model just described was used to calculate the pharmacokinetic dose metrics for
angiosarcoma in the most informative of the animal bioassays (Maltoni et al., 1981, 1984; Feron
et al., 1981), as well as for human inhalation exposure.  The results of these calculations are
shown in Table B-5.  The 95% upper confidence limits (UCLs) on the human risk estimates for
lifetime exposure to 1 ppm VC were then calculated on the basis of each of the sets of bioassay
data, using the 1-hit version of the LMS model, and the resulting risk estimates are shown in
Table B-6.  Because saturation of metabolism occurs well above the 1 ppm concentration in the
human, estimates of risk below 1 ppm can be adequately estimated by assuming linearity (e.g., 
the risk estimates for lifetime exposure to 1 :g/m3 of VC would range from approximately 0.3 ×
10-6 to 1.0 × 10-5).  It should be noted that although the animal studies represent both inhalation
and oral exposure, the risk predictions in each case are for human inhalation exposure.

Figure B-5. Model-predicted (lines) and experimentally determined (symbols) total expired
CO2, as a percent of total metabolism (upper line and symbols) and as a percent of dose
(lower line and symbols), following oral dosing with VC in corn oil (Watanabe and
Gehring,  1976b).
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(b)(a)

(c) (d)

Figure B-6. Model predictions (lines) and experimental data (symbols) for the chamber
concentration during exposure of human subjects to VC in a closed, recirculated chamber
(Buchter et al., 1978).  (a) The lines show the model predictions for (left to right) VMAX1C
= 2.5, 3.5, and 4.5.  The rest of the model parameters are those shown for the human in
Table A-1. (b) The lines show the model predictions for (left to right) VMAX1C = 10 and
3.5 (compare to Subject A in Fig. B-6a).  The rest of the model parameters are those shown
for the human in Table A-1. (c) The lines show the model predictions for (top to bottom)
VMAX1C = 2.5, 3.5, and 4.5.  The rest of the model parameters are those shown for the
human in Table A-1.  (d) The lines show the model predictions for (top to bottom)
VMAX1C = 10 and 3.5.  The rest of the model parameters are those shown for the human
in Table A-1.
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Figure B-7.  Model predictions (lines) and experimental data (symbols) for the exhaled air
concentration following inhalation exposure of human subjects for 8 hr (with a 30-min
break for lunch) to a constant concentration of (top to bottom) 492, 261, and 59 ppm VC
(Baretta et al., 1969).  At each concentration the three lines show the model predictions for
(top to bottom) VMAX1C = 0, 4, and 8.  The rest of the model parameters are those shown
for the human in Table A-1.
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(a) (b)

(c)

Figure B-8.  Model-predicted (lines) and experimentally determined (symbols) blood
concentrations following oral dosing with VC in corn oil (Withey et al., 1976):  (a) 25.8
mg/kg, (b) 28.52 mg/kg, (c) 77.47 mg/kg.  The KA (absorption rate constant) used was (a) 2,
(b) 2, (c) 4.
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Daily dosee

metric
mg/L liver

Lifetimef

average daily
delivered dose

mg/L liver

Reference Route Species Duration Dose Incidence RISK RISK

Occupational
exposure

Inhalation Human 8 hr/d, 5 d/wk,
50 wk/yr for 10
of 70 yr 

50 ppm 26.574g

(44.747)
2.607

(4.390)

100 ppm 51.685
(88.631)

5.071
(8.696)

200 ppm 97.509
(172.566)

9.567
(16.932)

500 ppm 202.356
(353.642)

19.854
(34.698)

1,000 ppm 300.965
(431.489)

29.530
(42.336)

2,000 ppm 386.295
(478.173)

37.902
(46.917)

8 hr/d, 5 d/wk,
50 wk/yr for 20
of 70 yr

50 ppm 26.574
(44.747)

5.215
(8.781)

100 ppm 51.685
(88.631)

10.142
(17.392)

200 ppm 97.509
(172.566)

19.134
(33.863)

500 ppm 202.356
(353.642)

39.709
(69.396)

1,000 ppm 300.965
(431.489)

59.059
(84.672)

2,000 ppm 386.295
(478.173)

75.804
(93.833)

Continuous
exposure

1 ppm in aira 1.74
(3.029)

1.74
(3.029)

Drinking
water

0.028 mg/kg/d
(1 mg/L in
drinking water)

0.581
(1.010)

0.581
(1.010)

Maltoni et al.,
1981, 1984
(BT4)b

Inhalation Swiss
Albino
mice (M)

4 hr/d, 5 d/wk for
30 of 104 wk 

0 ppm 0/80

50 ppm 1/30 161.924 33.363

250 ppm 9/30 775.615 159.811

500 ppm 6/30 1,245.220 256.570

2,500 ppm 6/29 1,434.800 295.632

6,000 ppm 2/30 1,479.270 304.795

10,000 ppm 1/26 1,505.580 310.216
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Daily dosee

metric
mg/L liver

Lifetimef

average daily
delivered dose

mg/L liver

Reference Route Species Duration Dose Incidence RISK RISK
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Maltoni et al.,
1981, 1984
(BT4)b

(continued)

Inhalation Swiss
Albino
mice (F)

4 hr/d, 5 d/wk for
30 of 104 wk

0 ppm 0/70

50 ppm 0/30 156.907 32.330

250 ppm 9/30 673.015 138.671

500 ppm 8/30 887.253 182.813

2,500 ppm 10/30 1,197.670 246.773

6,000 ppm 11/30 1,341.160 276.338

10,000 ppm 9/30 1,405.330 289.560

Daily dose
metric

Lifetime
average

delivered dose

Reference Route Species Duration Dose Incidence RISK RISK

Maltoni et al.,
1981, 1984
(BT1, BT2, and
BT15)c

Inhalation Sprague-
Dawley
rats (M)

4 hrs/d, 5 d/wk
for:
52 of 147 wk
(BT15)

0 ppm 0/108

1 ppm 0/48 2.398 0.606

5 ppm 0/43 11.985 3.028

10 ppm 0/42 23.933 6.047

25 ppm 1/41 59.552 15.047

52 of 135 wk
(BT1)

50 ppm 0/26 117.989 32.463

52 of 143 wk
(BT2)

100 ppm 0/37 59.70

150 ppm 1/36 85.90

200 ppm 7/42 107.39

52 of 135 wk
(BT1)

250 ppm 2/26 473.425 130.254

500 ppm 6/28 593.928 163.409

2,500 ppm 7/24 803.198 220.986

6,000 ppm 10/25 911.248 250.714



Table B-5.  Dose metric values for angiosarcomas (continued)

Daily dose
metric

Lifetime
average

delivered dose

Reference Route Species Duration Dose Incidence RISK RISK
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Maltoni et al.,
1981, 1984
(BT1, BT2,
and BT15)b

(continued)

Inhalation Sprague-
Dawley
rats (F)

4 hrs/d, 5 d/wk
for:
52 of 147 wk
(BT15)

0 ppm 0/141

1 ppm 0/55 2.343 0.592

5 ppm 0/47 11.698 2.956

10 ppm 1/46 23.332 5.895

25 ppm 4/40 57.838 14.614

52 of 135 wk
(BT1)

50 ppm 1/29 113.653 31.270

52 of 143 wk
(BT2)

100 ppm 1/43 55.95

150 ppm 5/46 76.67

200 ppm 5/44 90.0

0.714
mg/kg/d

1/21 16.373 4.472

2.38 mg/kg/d 0/34 50.390 13.762

11.9 mg/kg/d 4/39 133.231 36.387

35.7 mg/kg/d 8/36 203.079 55.463

Sprague-
Dawley
rats (F)

0 mg/kg/d 0/73

0.021
mg/kg/d

0/18 0.477 0.130

0.214
mg/kg/d

1/19 4.835 1.321

0.714
mg/kg/d

2/29 15.800 4.315

2.38 mg/kg/d 0/37 45.330 12.380

11.9 mg/kg/d 6/34 102.763 28.066

35.7 mg/kg/d 9/35 143.866 39.291

Feron et al.,
1981

Diet Wistar
rats (M)

135 wk 0 mg/kg/d 0/55
(0/55)d

1.7 mg/kg/d 0/58 (2/58) 39.539 39.539

5.0 mg/kg/d 6/56
(11/56)

116.103 116.103

14.1 mg/kg/d 27/59
(41/59)

325.845 325.845

Wistar
rats (F)

144 wk 0 mg/kg/d 0/57 (2/57)

1.7 mg/kg/d 0/58
(28/58)

38.611 38.611



Table B-5.  Dose metric values for angiosarcomas (continued)

Daily dose
metric

Lifetime
average

delivered dose

Reference Route Species Duration Dose Incidence RISK RISK
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5.0 mg/kg/d 2/59
(49/59)

113.243 113.243

14.1 mg/kg/d 9/57
(56/57)

316.628 316.628

aThe dose metrics reported here differ from those shown in Table A-3, because of use of different breathing rates.  The
standard EPA breathing rate was used to calculate the dose metric shown in Table A-3, and that value was used for the risk
calculations.
bThe denominator for the incidence data is the total number of mice, as used by Chen and Blancato (1989).
cThe denominator is the number of rats alive when the first angiosarcoma was observed, as used by Chen and Blancato
(1989).  However, the male and female incidence data shown here differ from that reported by Chen and Blancato (1989),
after verification with the original study (Maltoni et al., 1984).
dNumber in parentheses is the combined incidence of liver angiosarcomas, hepatocellular carcinomas, and neolastic
nodules.
eDaily dose metric for subject species.  Animal metric not converted to human metric.
fConverted to continuous exposure over a lifetime.
gAssuming a km value of 1.0 for humans.  The numbers in parenthesese represent metrics based upon a km value of  0.1. 
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Table B-6.  Human risk estimates for inhalation exposure based
on angiosarcoma incidence in oral and inhalation animal assays 
and various dose metrics

Risk × 10-3/ppma,b,c

(95% UCL)
P Fit

Maltoni et al. (1981, 1984) 
BT4 - Inhalation

  Male mice

  Female mice

2.6

5.7

0.005

0.5

Reject

Good

Maltoni et al. (1981, 1984) 
BT15/BT1 - Inhalation
 
  Male rats

  Female rats

9.0

3.9

0.1

0.2

Poor

OK

Maltoni et al. (1981, 1984) BT11- Gavage
  
  Male rats

  Female rats

15.1

27.3

0.3

0.07

OK

Poor

Feron et al. (1981) - Diet
  
  Male rats

  Female rats

5.3

1.9

0.005

0.4

Reject

Good

aRisks were calculated using the 1-hit version of the LMS model.
bTo convert risk estimates to a ug/m3 basis divide by 2600.
cBased on dose metric “RISK.”
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There are no consistent differences between risk estimates based on male and female
animals exposed via inhalation, with the female-based risks being higher than the male-based
risks in some studies and lower in others, but generally agreeing within a factor of 2 to 3.  The
human risk estimates based on inhalation studies with mice (0.35 × 10-6 to 2.4 × 10-6 per :g/m3)
agree very well with those based on inhalation studies with rats (1.0 × 10-6 to 4.2 × 10-6 per
:g/m3), demonstrating the ability of pharmacokinetics to integrate dose-response information
across species.

The risks estimated from the dietary administration of VC based upon liver
angiosarcomas alone (0.7 × 10-6 to 2 × 10-6 per :g/m3) are similar to those obtained from the
inhalation bioassays.  However, the risk estimates based on combined incidence of
angiosarcoma, hepatocellular carcinoma, and neoplastic nodules are considerably greater.   Oral
gavage of VC in vegetable oil also resulted in about a sixfold greater risk than the risk based
upon either angiosarcomas alone in the oral exposures, or the inhalation exposure.  It has
previously been noted in studies with chloroform that administration of the chemical in corn oil
results in more marked hepatotoxic effects than when the same chemical is provided in an
aqueous suspension (Bull et al., 1986).  It has also been demonstrated that administration of corn
oil alone leads to an increase in peroxisomal oxidative enzyme activity in rats (DeAngelo et al.,
1989).  The toxicity and oxidative environment created in the liver by continual dosing with 
large volumes of vegetable oil could serve to potentiate the effects of genotoxic carcinogens in
the liver.  In support of this suggestion, Newberne et al. (1979) found that incorporation of corn
oil into the diet increased the yield of aflatoxin B1-induced tumors in rats.  A similar
phenomenon could be responsible for the apparently higher potency of VC when administered 
by oil gavage compared to incorporation in the diet.

The p-values for the goodness of fit of the one-stage LMS model with the
pharmacokinetic dose metric RISK to the bioassay data are generally acceptable, with only two
data sets meeting the criterion for rejection of the model at p=0.05.  The p-values for goodness of
fit with the different metrics (including RISK, RISKM, and RISKG) were in general very 
similar; therefore only a single representative p-value is shown for each bioassay data set.  The
similarity of the p-values makes it impossible to select one metric over another on the basis of
agreement with the dose-response of the incidence data.  Fortunately, the risks predicted for each
of the studies by the various dose metrics are quite similar.  The RISKM metric, which is the
most biologically plausible, predicts slightly lower risks than the other two dose metrics; the
RISKG metric, which is probably the least likely, predicts the highest risks.

B.5.1.  Epidemiological Analysis of Vinyl Chloride Carcinogenicity

In order to evaluate the plausibility of the risks predicted on the basis of the animal data,
risk calculations were also performed on the basis of available epidemiological data.  A linear
relative risk dose-response model was used for analysis of the human data:

O = E(1 + "*d),
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where O is the observed number of liver tumors, E is the expected number of such tumors apart
from any exposure, d is a cumulative dose metric (see discussion below), and " is a potency
parameter that can be estimated by maximum likelihood techniques.  Then it follows that the
lifetime probability of liver cancer, P(d), can be estimated by 

P(d) = P0(1 + "*d), 

where P0 is the background probability of liver cancer death.  Actually, the lifetime risk should 
be estimated by a lifetable method, but the above approximation should be close enough for the
purpose of these comparative potency estimates.

Now suppose that for a particular exposure scenario (e.g., a VC atmospheric
concentration of 50 ppm, 8 hr a day, 5 days per week), the PBPK model predicts an average 
daily internal dose metric of X.  Then the cumulative exposure that should be used in the dose-
response model is X*Y, where Y is the number of years of such exposure.  Note that to compute
this PBPK-based cumulative dose, one must have an estimate of the “typical” workplace
exposure concentration for each subcohort, separate from the number of years of exposure for 
the subcohort, rather than just a cumulative dose estimate.  Only after the internal dose has been
calculated with the PBPK model can the duration of exposure be applied to get a cumulative
internal dose.

To obtain pharmacokinetic human-based risk estimates, the PBPK model was run for the
exposure scenario appropriate to each of the selected subcohorts from the studies discussed
below.  The resulting internal dose metrics (which included RISKM and RISKG for comparison
with RISK) were multiplied by the appropriate durations to obtain the cumulative internal doses,
which were then input into the relative risk model along with the observed and expected liver
cancer deaths for each subcohort to get an estimate of the maximum likelihood estimate and 95%
confidence interval for ".  Then, to determine the risk associated with a continuous lifetime
exposure to 1 ppm for comparison with the animal results, the PBPK model was run for a 1 ppm
continuous exposure and the average daily value of the various internal dose metrics was
calculated.  Multiplying the dose metrics by 70 years gives the appropriate cumulative dose for
the relative risk model.  For a P0 sufficiently small (which it should be for liver cancer in
humans), the extra risk for a lifetime exposure to 1 ppm VC will be approximately: 

P0*"*d1,

where d1 = cumulative internal dose for 1 ppm continuous exposure.  Using the 95% upper 
bound on the estimate for " provides a 95% upper confidence limit on the lifetime risk per ppm
for comparison with the animal-based results obtained with the LMS model.

Three epidemiological studies that associated increased liver cancer with exposure to 
VC, and that provide sufficient information to support separate exposure concentration and
duration estimates (as opposed to just cumulative exposure estimates), were selected for this
study: Fox and Collier (1977), Jones et al. (1988), and Simonato et al. (1991).  For each study,
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risk was calculated as a linear function of the product of duration and cumulative tissue dose.  

B.5.1.1.  Fox and Collier (1977)

This study is probably the best with respect to providing information about duration of
employment for different exposure-level groupings (see their Table 2).  The average exposure
levels were estimated to be 12.5, 70, and 300 ppm for the low, medium, and high exposure
groups, respectively (Clement, 1987); for comparison Chen and Blancato (1989) estimated
averages of 11, 71, and 316 ppm.  For the constant exposure groups, these concentrations were
input into the human PBPK model, assuming 8 hr/day and 5 days/week exposure, to get average
daily internal dose metrics, which were then multiplied by the duration averages (assumed to be
5, 15, and 27 years) to get cumulative doses.  For the intermittent exposure groups, exposure for
2 hr/day, 5 days/week was assumed.

Thus, for each exposure level, six values for the cumulative dose were calculated:  one
for each of three exposure durations, under both the intermittent and constant exposure 
scenarios.  Because observed and expected numbers of liver cancers were reported only by
exposure group, not broken down by duration (see their Table 9), an overall average dose was
needed for each exposure level.  Therefore, a weighted average of the six values for the
cumulative dose was calculated for each exposure group (high, medium, and low), averaging
across the duration of exposure categories and constant versus intermittent groups.  The
weighting was performed using the number of workers in the various subcohorts (their Table 2).

The resulting weighted dose estimates for each internal dose metric were then input into
the relative risk model along with the observed and expected tumors reported by the
investigators:

Cumulative dose Obs. Exp.
Average low dose 1 0.75
Average medium dose      1 0.77
Average high dose 2 0.13

The resulting risk estimates for each pharmacokinetic dose metric are shown in Table 
B-7.  The range of risk estimates reflects uncertainty in the appropriate value for P0, the
background probability of death from liver cancer.  The lower risk estimate was calculated using
the value of P0 derived in the Fox and Collier study, while the higher risk estimate was 
calculated using an estimate of the lifetime liver cancer mortality rate in the U.S. population
(Chen and Blancato, 1989).  Note that the “range” of risk estimates reflects the results
corresponding to two assumptions about the background rate of liver cancer in humans, rather
than reflecting a true range.  An important factor in interpreting these results is that the
classification into exposure groups in this study was based on the maximum exposure level that a
worker experienced.  This leads to overestimation of cumulative exposure, particularly for the
workers in the medium and high groups, and therefore a probable underestimation of risk when
using the linear relative risk model.
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B.5.1.2.  Jones et al. (1988)

This study was an update of the cohort studied by Fox and Collier.  Unfortunately, it does
not provide as much information about duration of exposure, so the analysis must be limited to
the autoclave workers.  For those workers, four duration-of-employment categories are given 
(see their Table 4); in the present analysis estimated average durations of 1.5, 3, 7.5, and 15 
years were used.  Their Table 1 shows that the autoclave workers had exposures ranging between
150 and 800 ppm at various points in time.  A value of 500 ppm was used in the PBPK model (8
hr/day, 5 days/week) to get the average daily internal doses.  The average daily internal doses
were then multiplied by the four average durations of exposure to get cumulative doses for the
four groups:

  Cumulative dose
Cumulative dose group (units of RISK dose metric) Obs. Exp.

Low    400 mg/L × year 0 0.07
Mid 1    802 mg/L × year 1 0.08
Mid 2  2,004 mg/L × year 2 0.08
High  4,009 mg/L × year 4 0.15

Note that the different cumulative dose groups here reflect different exposure durations to the
same average VC concentrations.  Insufficient data were presented in this paper to identify the
number of workers exposed to different exposure levels for different durations.

The resulting risk estimates for each pharmacokinetic dose metric are shown in Table B-
7.  In each case the lower risk estimate was calculated using the value of P0 derived in the Jones
et al. (1988) study, while the higher risk estimate was calculated using an estimate of the lifetime
liver cancer mortality rate in the U.S. population (Chen and Blancato, 1989).  As with the Fox
and Collier (1977) study, it is important to note that workers were classified into job categories
based on the category with the highest exposure, leading to overestimation of cumulative
exposure.
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Table B-7.  Risk estimates for angiosarcoma based on 
epidemiological studies (to convert to a unit risk basis 
[per ::g/m3], divide by 2,600).

Study

Risk based on 
dose metric RISK 

(95% UCL RISK/ppm)

Fox and Collier (1977) 1.2 - 7.3 × 10-3

Jones et al. (1988) 1.7 - 6.3 × 10-3

Simonato et al. (1991) 0.70 - 1.4 × 10-3

B.5.1.3.  Simonato et al. (1991)

This study has the largest cohort and the most liver cancer deaths (24).  Unfortunately, 
the exposure information may not be as accurate as in the other two studies discussed above,
since it was collected from many different workplaces in several different countries, and since
the original reporting of the exposure levels was relatively crude (ranges of <50, 50-499, and >
500 ppm).  As in the Fox and Collier study, the classification was based on the “highest level to
which the workers were potentially exposed.”  Thus, as with the previous studies, the estimates
of risk from this cohort are probably underestimates of the true risk.

Another problem with the reporting of the results in this study is that the durations of
exposure are not cross-classified according to exposure level as was done in the Fox and Collier
report.  In fact, there is very little information about duration of exposure that would allow
estimation of an average value for the entire cohort, let alone the exposure groups.  (Note that
one cannot use the cumulative exposure groupings, as discussed above, because the exposure
level must be separated from exposure duration.)  The information in Simonato et al. (1991)
Table 2 (person-years of observation by duration of employment) was used to estimate an
average duration under the following assumption:  if the follow-up time does not depend on the
duration of employment, then the differences in the person-years of follow-up is due to the
numbers of individuals in each duration category.  The weighted average (trying different
averages for the > 20 year group) gives an estimate of 9 years of employment.  This duration was
used with model-predicted daily dose metrics for average exposure level estimates of 25, 158,
and 600 ppm.  The cumulative internal doses were input into the relative risk model with the
following observed and expected liver cancer deaths reported by the study authors:
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Cumulative Dose        Obs. Exp.
Low          4 2.52
Medium          7 1.86
High        12 2.12

The resulting risk estimates for each pharmacokinetic dose metric are shown in Table B-
7.  Again, the lower risk estimates were calculated using the value of P0 derived in the Simonato
et al. (1991) study, while the higher risk estimates were calculated using an estimate of the
lifetime liver cancer mortality rate in the U.S. population (Chen and Blancato, 1989). 

The comparison in Table B-7 of the analyses of the three sets of data gives some
indication of the consistency of the human results, even before the comparison with the animal
predictions.  It is encouraging that the lifetime risk of liver cancer per :g/m3 VC exposure
estimated from the three studies only ranges over about one order of magnitude: from 0.2 to 3 ×
10-6 per :g/m3.  Moreover, these estimates are in remarkable agreement with the estimates based
on animal data shown in Table B-6.  However, any confidence produced by this agreement
should be tempered by the likelihood, discussed above, that misclassification of exposure in the
human studies may somewhat underestimate the true risk at lower doses.  Nevertheless, the
agreement of the pharmacokinetic animal-based risk estimates with the pharmacokinetic human-
based risk estimates provides strong support for the assumption used in this study: that cross-
species scaling of lifetime cancer risk can be performed on a direct basis of lifetime average 
daily dose (without applying a body surface area adjustment) when the risks are based on
biologically appropriate dose metrics calculated with a validated PBPK model.

Based on a closer consideration of the results, a best estimate of the risk based on the
human data can be calculated.  The Simonato et al. (1991) study was excluded from this
consideration because of the considerable uncertainty regarding exposure durations.  Between 
the remaining two studies, the risk values from Jones et al. (1988) were chosen, since this study
is an update of the Fox and Collier (1977) study.  Finally, the higher of the two risk values
calculated for the Jones et al. (1988) study was chosen, reflecting the underestimation of risk due
to classification of workers by the job category with the highest exposure.  Based on these
factors, a best estimate of risk from the human studies is 6.3 × 10-3 per ppm (2.4 × 10-6 per
:g/m3).  This agrees quite closely with the mean of the risk estimates derived from the Maltoni et
al. (1981, 1984) rat and mouse inhalation studies. 

B.5.2.  Calculation of Approximate Risk Estimates for Other Tumors

Although there is no evidence of human correspondence for the other tumors that occur 
at low doses in animals, it is of interest to attempt to estimate the likely level of risk that might 
be predicted for those tumors using a pharmacokinetic approach.  Of particular interest are the
nephroblastomas, which are a relatively rare tumor in the experimental species in which they
were observed, and the mammary tumors, which are of concern in human females.  Since the
PBPK model does not contain kidney or mammary tissue compartments, and since there are not
adequate data on the metabolism of VC in these tissues to construct them, a “zero-order
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approximation” approach was utilized in which the metabolism of VC in the liver was used as a
surrogate for in situ metabolism in the other tissues.  Thus RISK was calculated for the
conditions and doses of the bioassays showing increased incidence of nephroblastoma or
mammary tumors (Table B-2).  The results of these dose calculations are shown in Table B-8,
and the resulting upper-bound risk estimates, using the one-hit version of the LMS model, are
shown in Tables B-9 and B-10.  Note that there is as yet no evidence regarding the mechanism
underlying the production of either of these tumors, so the use of the LMS model (and the
associated assumption of low-dose linearity) may not be justified.  Dose metrics for
hepatocellular carcinoma are also listed in Table B-9; these risks are similar to those for
angiosarcoma.

Given these caveats, it is interesting to observe that the range of risk estimates based on
the incidence of nephroblastomas (0.07 × 10-6 to 2.4 × 10-6 per :g/m3) is very similar to that
obtained for angiosarcomas.  As with angiosarcoma, there was no evidence from the goodness-
of-fit tests that any of the dose metrics provided a better fit to the data.  Risk estimates based on
the mammary tumors are less consistent, ranging from 0.2 × 10-6 to 1.7 × 10-4 per :g/m3.  Given
the extremely high variability of the background incidence for mammary tumors in the
experimental animals, as well as the highly nonlinear dose-response (for most of the studies the
dose-response in the exposed groups is either flat or decreasing) it does not seem reasonable to
perform a quantitative risk estimate based on this tumor outcome.  Nevertheless, it is important
to note that human females also demonstrate a background incidence of mammary tumors, and
that the epidemiological cohorts, with one exception, did not include females.  Therefore, it
seems reasonable that the evidence of increased mammary tumor incidence from VC should be
considered at least qualitatively during risk management decisions regarding potential human 
VC exposure.

B.6.  PHARMACOKINETIC SENSITIVITY/UNCERTAINTY ANALYSIS

Table B-11 shows the normalized analytical sensitivities for the PBPK model described
above.  The normalized analytical sensitivity coefficient represents the fractional change in
output associated with a fractional change in the input parameter.  For example, if a 1% change
in the input parameter results in a 2% change in the output, the sensitivity coefficient would be
2.0.  In Table B-11, the outputs are the dose metrics used in the analysis of angiosarcoma risk. 
The parameters in the table are defined in Tables B-3 and B-4.  Sensitivity coefficients of less
than 0.01 in absolute value were omitted from the table for clarity, and coefficients greater than
0.2 in absolute value are outlined for emphasis.  None of the parameters display sensitivities
markedly greater than 1.0, indicating that there is no amplification of error from the inputs to the
outputs.  This is, of course, a desirable trait in a model to be used for risk assessment.

It can be seen that of the 24 parameters in the VC model, 10 have essentially no impact
on risk predictions based on any of the dose metrics, and only 8 have a significant impact on 
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Table B-8.  Dose metric values for other tumors

Incidence
Daily dose

metrics

Lifetime
average

delivered
dose

Reference Route Species Duration Dose Mamm.a Neph.b RISK RISK

Lee et al.,
1977, 1978

Inhalation Albino
CD-1 mice
(F)

6 hr/d, 5
d/wk for 52
wk

0 ppm 0/36

50 ppm 9/34 235.368 168.12

250 ppm 3/34 1,008.690 720.49

1,000 ppm 13/36 1,524.920 1,089.23

Drew et al.,
1983

Inhalation Fischer-344
rats (F)

6 hr/d, 5
d/wk for 104
wk

0 ppm 29/112

100 ppm 31/55 274.462 196.04

Golden
Syrian
hamsters (F)

6 hr/d, 5
d/wk for 78
wk

0 ppm 0/143

200 ppm 47/102 753.523 538.23

B6C3F1
mice (F)

6 hr/d, 5
d/wk for 52
wk

0 ppm 3/69

50 ppm 37/90 242.897 173.50

CD-1 Swiss
mice (F)

6 hr/d, 5
d/wk for 78
wk

0 ppm 2/71

50 ppm 22/45 235.368 168.12

Radike et al., 
1981

Inhalation Sprague-
Dawley rats
(M)

4 hr/d, 5
d/wk for 52
wk

0 ppm

600 ppm 617.249 440.89

Maltoni et al.,
1981, 1984
(BT1)

Inhalation Sprague-
Dawley rats
(M)

4 hr/d, 5
d/wk for 52
of 135 wk

0 ppm 2/29 0/29

50 ppm 1/30 0/30 117.990 32.46

250 ppm 0/29 1/29 473.425 130.25

500 ppm 0/30 2/30 593.931 163.41

2,500 ppm 0/30 5/30 803.194 220.98

6,000 ppm 0/29 4/29 911.248 250.71

10,000 ppm 1/30 3/30 966.074 265.80

Maltoni et al.,
1981, 1984
(BT1)
(continued)

Inhalation Sprague-
Dawley rats
(F)

4 hr/d, 5
d/wk for 52
of 135 wk

0 ppm 12/29 0/29

50 ppm 11/30 1/30 113.653 31.27

250 ppm 7/30 4/30 375.989 103.45

500 ppm 5/30 4/30 425.029 116.94

2,500 ppm 5/30 1/30 488.374 134.37

6,000 ppm 6/30 1/30 522.359 143.72

10,000 ppm 7/30 2/30 542.339 149.21
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Incidence Daily dose
metrics

Lifetime
average

delivered
dose

Reference Route Species Duration Dose Mamm.a Neph.b RISK RISK

Maltoni et al.,
1981, 1984
(BT2)

Inhalation Sprague-
Dawley rats
(M)

4 hr/d, 5 d/wk
for 52 of 143
wk

0 ppm 1/85 0/85

100 ppm 0/60 8/60 229.851 59.70

150 ppm 1/59 8/59 330.722 85.90

200 ppm 3/60 5/60 413.443 107.39

Sprague-
Dawley rats
(F)

0 ppm 20/100 0/100

100 ppm 20/60 2/60 215.406 55.95

150 ppm 12/60 3/60 295.167 76.67

200 ppm 20/60 2/60 346.510 90.00

Maltoni et al.,
1981, 1984
(BT4)

Inhalation Swiss mice
(M)

4 hr/d, 5 d/wk
for 30 of 81
wk

0 ppm 0/80

50 ppm 0/30 161.924 42.84

250 ppm 0/30 775.615 205.19

500 ppm 1/30 1,245.220 329.42

2,500 ppm 0/29 1,434.800 379.58

6,000 ppm 0/30 1,479.270 391.34

10,000 ppm 0/26 1,505.580 398.30

Maltoni et al.,
1981, 1984
(BT4)
(continued)

Inhalation Swiss mice
(F)

4 hr/d, 5 d/wk
for 30 of 81
wk

0 ppm 1/70

50 ppm 12/30 156.683 41.45

250 ppm 13/30 672.996 178.04

500 ppm 10/30 887.322 234.74

2,500 ppm 9/30 1,198.110 316.96

6,000 ppm 9/30 1,341.100 354.79

10,000 ppm 14/30 1,405.300 371.77
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Incidence Daily dose
metrics

Lifetime
average

delivered
dose

Reference Route Species Duration Dose Mamm.a Neph.b RISK RISK

Maltoni et al.,
1981, 1984
(BT3)

Inhalation Sprague-
Dawley rats
(M)

4 hr/d, 5
d/wk for
17 wk

0 ppm 1/108 0/108

50 ppm 0/28 1/28 117.990 84.28

250 ppm 0/30 3/30 473.425 338.16

500 ppm 0/30 0/30 593.931 424.24

2,500 ppm 3/30 2/30 803.194 573.71

6,000 ppm 0/30 0/30 911.248 650.89

10,000 ppm 1/28 0/28 966.074 690.05

Sprague-
Dawley rats
(F)

0 ppm 14/82 0/82

50 ppm 11/30 2/30 113.653 81.18

250 ppm 5/29 3/29 375.989 268.56

500 ppm 12/30 0/30 425.029 303.59

2,500 ppm 12/30 0/30 488.374 348.84

6,000 ppm 4/30 1/30 522.359 373.11

10,000 ppm 6/30 1/30 542.339 387.39

Maltoni et al.,
1981, 1984
(BT9)

Inhalation Sprague-
Dawley rats
(M)

4 hr/d, 5
d/wk for
52 of 142
wks

0 ppm 2/48 0/48

50 ppm 14/144 0/144 117.990 30.86

Maltoni et al.,
1981, 1984
(BT9)
(continued)

Inhalation Sprague-
Dawley rats
(F)

4 hr/d, 5
d/wk for
52 of 142
wk

0 ppm 27/50 0/50

50 ppm 117/150 1/150 113.653 29.73

Maltoni et al.,
1981, 1984
(BT15)

Inhalation Sprague-
Dawley rats
(M)

4 hr/d, 5
d/wk for
52 of 147
wk

0 ppm 8/60 0/60

1 ppm 8/58 0/58 2.398 0.61

5 ppm 10/59 0/59 11.985 3.03

10 ppm 6/59 0/59 23.933 6.05

25 ppm 11/60 1/60 59.552 15.05

Sprague-
Dawley rats
(F)

0 ppm 34/60 0/60

1 ppm 46/60 0/60 2.343 0.59

5 ppm 57/60 0/60 11.698 2.96

10 ppm 52/60 0/60 23.332 5.90

25 ppm 53/60 0/60 57.838 14.61
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Incidence Daily dose
metrics

Lifetime
average

delivered
dose

Reference Route Species Duration Dose Mamm.a Neph.b RISK RISK

Maltoni et al.,
1981, 1984
(BT10)

Inhalation Sprague-
Dawley rats
(M)

Group VII: 
Control

11/107 0/107

4 hr/d, 5
d/wk for
5 of 154
wk

Group I:  10,000
ppm

3/59 0/59 966.074 22.40

Group II:  6,000
ppm

3/60 1/60 911.248 21.13

1 hr/d, 4
d/wk for
25 of 154
wk

Group III: 
10,000 ppm

2/59 0/59 356.811 33.10

Group IV:  
6,000 ppm

4/59 0/59 319.490 29.64

4 hr/d, 1
d/wk for
25 of 154
wks

Group V: 
10,000 ppm

9/60 0/60 966.074 22.40

Group VI:  
6,000 ppm

6/60 1/60 911.248 21.13

Maltoni et al.,
1981, 1984
(BT10)
(continued)

Inhalation Sprague-
Dawley rats
(F)

Group VII: 
Control

76/120 0/120

4 hr/d, 5
d/wk for
5 of 154
wk

Group I:  10,000
ppm

36/59 0/59 542.339 12.58

Group II:  6,000
ppm

37/60 1/60 522.359 12.11

1 hr/d, 4
d/wk for
25 of 154
wk

Group III: 
10,000 ppm

42/60 0/60 222.071 20.60

Group IV:  
6,000 ppm

40/60 0/59 202.515 18.79

4 hr/d, 1
d/wk for
25 of 154
wk

Group V: 
10,000 ppm

45/59 1/59 542.339 12.58

Group VI:  
6,000 ppm

46/60 0/60 522.359 12.11

Feron et al.,
1981

Oral-diet Wistar rats
(M)

135
weeks

0 mg/kg/day

1.7 mg/kg/day 37.561

5 mg/kg/day 85.345

14.1 mg/kg/day 143.370

Wistar rats
(F)

144
weeks

0 mg/kg/day

1.7 mg/kg/day 34.928

5 mg/kg/day 71.008

14.1 mg/kg/day 109.035
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Incidence Daily dose
metrics

Lifetime
average

delivered
dose

Reference Route Species Duration Dose Mamm.a Neph.b RISK RISK
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Til et al., 1983 Oral-diet Wistar rats
(M)

149
weeks

0 mg/kg/day 5/100

0.014 mg/kg/day 8/99 0.326 0.326

0.13 mg/kg/day 3/99 3.026 3.026

1.3 mg/kg/day 0/49 30.2 30.2

Wistar rats
(F)

0 mg/kg/day 41/98

0.014 mg/kg/day 21/100 0.318 0.318

0.13 mg/kg/day 28/96 2.96 2.96

1.3 mg/kg/day 21/48 29.5 29.5

aMammary gland carcinoma.
bNephroblastoma.
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Table B-9.  Human inhalation risk estimates based on the incidence of
hepatocellular carcinoma or nephroblastoma in oral and inhalation animal assays
and various dose metrics

  95% UCL of risk × 10-3/ppma,b P Fit

Hepatocellular carcinoma:

Feron et al. (1981) - Diet
 Male rats
 Female rats

1.2
6.9

0.45
0.1

Good
Poor

Til et al. (1983) - Diet
 Male rats
 Female rats

3.2
3.8

0.7
0.6

Good
Good

Nephroblastoma:

Maltoni et al. (1981, 1984) 
BT1-Inhalation
 Male mouse
 Female mouse

2.1
2.8

0.7
0.2

Good
OK

Maltoni et al. (1981, 1984) 
BT2-Inhalation  
 Male rats
 Female rats

5.8
2.6

0.1
0.8

OK
Good

Maltoni et al. (1981, 1984) 
BT3-Inhalation   (17 wks) 
 Male rats
 Female rats

0.38
0.64

0.01
0.02

Reject
Reject

aRisk estimates were calculated using the 1-hit version of the LMS model and based on the dose-metric “RISK.”
bTo convert to a unit risk estimate (:g/m3) divide by 2,600.
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Table B-10.  Human inhalation risk estimates based on total mammary tumor 
incidence in oral and inhalation animal assays and various dose metrics

95% UCL of risk × 10-3/ppma,b

RISK P Fit

Lee et al. (1977, 1978)
  Female mice 1.4 × 10-3 0.0003 Reject

Maltoni et al. (1981, 1984) 
BT2-Inhalation
 Male rats
 Female rats

1.4 × 10-3

8.2 × 10-3
0.3
0.1

OK
Poor

Maltoni et al. (1981, 1984) 
BT4-Inhalation
 Female mice 5.2 × 10-3 0.002 Reject

Maltoni et al. (1981, 1984) 
BT3-Inhalation   (17 weeks)
 Female rats 1.6 × 10-3 0.01 Reject

Maltoni et al. (1981, 1984) 
BT15-Inhalation
 Male rats
 Female rats

3.0 × 10-2

4.4 × 10-1
0.7

10-11
Good
Reject

Til et al. (1983) - Diet
  Female rats 1.3 × 10-2 0.005 Reject

aRisks were calculated using the 1-hit version of the LMS model and based upon the dose metric “RISK.”.
bTo convert to a unit risk estimate (:g/m3) divide by 2,600.
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Table B-11.  Normalized parameter sensitivity in the vinyl chloride PBPK model

Rat inhalation
(50 ppm - 4 hr)

Human inhalation
(1 ppm - continuous)

Human drinking water 
(1 ppm)

Dose metric RISK AMET RISK AMET RISK

Parameter

BW -0.25 -0.25 -0.25 -0.25 —a

QPC 0.30 0.30 0.20 0.20 —

QCC 0.58 0.58 0.74 0.74 -0.06

QFC — — — — —

QLC 0.58 0.58 0.74 0.74 -0.06

VFC — — — — —

VLC -0.99 — -0.99 — -0.99

PB 0.67 0.67 0.79 0.79 —

PF — — — — —

PS — — — — —

PR — — — — —

PL — — — — —

VMAX1C 0.09 0.09 0.07 0.07 0.07

KM1 -0.09 0.09 -0.07 -0.07 -0.07

VMAX2C — — — — —

KM2 — — — — —

KA — — — — —

KCO2C — — — — —

KGSMC — — — — —

KFEEC — — — — —

GSO — — — — —

KBC — — — — —

KS — — — — —

KOC — — — — —

aSensitivity coefficient < 0.01 in absolute value.

predictions based on RISK: the body weight (BW), alveolar ventilation (QPC), cardiac output
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(QCC), liver blood flow (QLC) and volume (VLC), blood/air partition coefficient (PB), the
capacity (VMAX1C) and affinity (KM1) for metabolism by CYP2E1, and in the case of oral
gavage, the oral uptake rate (KA).  As discussed in the description of the PBPK model, all of
these parameters could be reasonably well characterized from experimental data.  However, the
sensitivity of the risk predictions to the human values of these parameters implies that the risk
from exposure to VC could vary considerably from individual to individual, depending on
specific physiology, level of activity, and metabolic capability.

  The other dose metrics, RISKM and RISKG (data not shown), are also sensitive to a
number of the parameters in the model for the subsequent metabolism of the reactive
metabolites, as well as for the GSH submodel.  Since these parameters could only be identified
from data in rats, their values in other species are uncertain.  Given the sensitivity of RISKM and
RISKG to these less certain parameters, and the general similarity of risks based on these two
metrics to those based on the RISK metric, the RISK metric would seem to be preferable for
quantitative risk assessment.  Risk estimates reported in the main body of this document were
calculated using the RISK metric. 

B.6.1.  Monte Carlo Uncertainty/Variability Analysis

The sensitivity analysis described above does not consider the potential interactions
between parameters; the parameters are tested individually.  Also, sensitivity analysis does not
adequately reflect the uncertainty associated with each parameter.  The fact that the output is
highly sensitive to a particular parameter is not important if the parameter is known exactly.  To
estimate the combined impact of the uncertainty around the values of all the parameters, a Monte
Carlo analysis can be performed.  In a Monte Carlo analysis, the distributions of possible values
for each of the input parameters are estimated.  The Monte Carlo algorithm then randomly 
selects a value for each parameter from its distribution and runs the model.  The random
selection of parameter values and running of the model is repeated a large number of times
(typically hundreds to thousands) until the distribution of the output has been characterized.  

To assess the impact of parameter uncertainty on risk predictions, a dose-response model
must be selected.  In this case the one-hit version of the linearized multistage model was used, 
for the reasons discussed earlier.  The actual analysis was performed with the software package
PBPK_SIM (KS Crump Group, ICF Kaiser International, Ruston, LA), which was developed for
the Air Force specifically to perform such a Monte Carlo analysis on PBPK models.  The
PBPK_SIM program randomly selects a set of parameter values from the distributions for the
bioassay animal and runs the PBPK model to obtain dose metric values for each of the bioassay
dose groups.  It then selects a set of parameter values from the distributions for the human and
runs the PBPK model to obtain a dose metric value for a specified human exposure scenario. 
Finally, it runs the linearized multistage model (or other specified risk model) with the animal
and human dose metric values to obtain the human risk estimate.  This entire process is repeated
a specified number of times until the desired distribution of risks has been obtained.  



Tables B-3 and B-4 list the means (preferred values) and coefficients of variation (CV)
used in a Monte Carlo uncertainty analysis of the TCE/TCA model.  Truncated normal
distributions were used for all parameters except the kinetic parameters, which were assumed to
be lognormally distributed.  The CVs for the physiological parameters were estimated from data
on the variability of published values (U.S. EPA, 1988; Stan Lindstedt, 1992, personal
communication), while the CVs for the partition coefficients were based on repeated
determinations for two other chemicals, perchloroethylene (Gearhart et al., 1993) and
chloropentafluorobenzene (Clewell and Jarnot, 1994).  The CVs for the metabolic and kinetic
constants were estimated from a comparison of reported values in the literature and by   
exercising the model against the various data sets to determine the identifiability of the 
parameters which were estimated from pharmacokinetic data.  The KM1 value for humans of 1.0
(vice 0.1) was used in this analysis.

The results of the Monte Carlo analysis are shown in Table B-12, which lists the 
estimated risks associated with lifetime exposure to 1 ppm VC in air or 1 mg/L VC in drinking
water.  In all cases, the risk estimates represent the 95% UCL for risk, based on the 1-hit version
of the LMS model.  However, in order to characterize the impact of uncertainty in the
pharmacokinetic parameters on the risk estimates, both the mean and the upper 95th percentile of
the distribution of UCL risk estimates are shown.  Thus, the mean value represents the best
estimate of the pharmacokinetically based upper-bound risk for VC exposure, and the 95th
percentile provides a reasonable value for the “highest probable” pharmacokinetic risk estimate,
considering both pharmacokinetic uncertainty and uncertainty regarding the low-dose
extrapolation.  The small differences between the best estimates from the Monte Carlo analysis
listed in Table B-12 and those listed in columns 3 and 7 result from the way in which they were
calculated.  While the values in columns 3 and 7  are the risk estimates using the mean values for
the parameters, the other values are the mean risk estimates based on the distribution of risk
estimates estimates calculated in the Monte Carlo analysis.  As can be seen, even the “highest
probable” pharmacokinetic risk estimates were only modestly greater than those using mean
values, giving added confidence to the assessments.   As discussed in the Toxicological Review,
these values have been derived using only liver angiosarcomas in order to compare with results  
of other modeling approaches, and do not account for hepatocelluar carcinoma or neoplastic
nodule incidence.

B.7.  DISCUSSION

Although VC has often been cited as a chemical for which saturable metabolism should 
be considered in the risk assessment, saturation is relevant only at very high exposure levels
(greater than 250 ppm by inhalation or 25 mg/kg/day orally) compared to the lowest tumorigenic
levels, and thus has little impact on the quantitative risk estimates.  The important contribution  
of pharmacokinetic modeling is to provide a more biologically plausible estimate of the effective 
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Table B-12. Comparison of human inhalation and oral risk estimates for liver angiosarcoma resulting from a Monte
Carlo analysis, based on a pharmacokinetic dose metrica and using a human km value of 1.0

1ppm
Inhalation

1 ppm inhalation
Mont Carlo analysis

1 mg/L
drinking

water

1 mg/L drinking water
 Monte Carlo analysis

Animal
route

Sex/species UCLb Mean/
UCL

P 95th/U
CL

UCLb Mean/
UCL

P 95th/
UCL

Inhalation Male mouse 1.52 1.89 0.002 3.38 0.51 0.67 0.002 1.18

Female
mouse

3.27 3.89 0.25 6.95 1.10 1.39 0.25 2.33

Inhalation Male rat 5.17 6.80 0.20 14.31 1.72 2.45 0.20 5.60

Female rat 2.24 1.90 0.44 3.81 0.75 0.67 0.44 1.37

Oil gavage Male rat 8.68 9.45 0.57 17.22 2.90 3.36 0.57 5.72

Female rat 15,70 16.35 0.11 29.73 5.23 5.83 0.11 10.54

Diet Male rat 3.05 3.26 0.05 5.26 1.02 1.14 0.05 1.64

Female rat 1.10 1.15 0.43 1.87 0.37 0.41 0.43 0.60

aDose metric = lifetime-average total amount metabolized per day, divided by the volume of liver.
bBased on the incidence of angiosarcoma in the corresponding oral and inhalation animal bioassays.
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dose: total production of reactive metabolites at the target tissue.  The ratio of this biologically 
effective dose to the administered dose is not uniform across routes and species.  Therefore, any
estimate of administered dose is less adequate for performing route-to-route and interspecies
extrapolation of risk.  The inhalation risk estimates obtained for VC using the pharmacokinetic
dose metric are considerably lower than those obtained with conventional 
external dose calculations, and appear to be more consistent with human epidemiological data. 

In the pharmacokinetic risk calculations presented in this report, no body weight scaling
adjustment factor was applied to obtain the human risks.  Although this may appear to represent 
a departure from previous EPA practice in a risk assessment for VC, this marks the first time a
pharmacokinetic dose metric has been used.  The dose metric was selected to be consistent with
the position stated in the interagency pharmacokinetics group consensus report on cross-species
extrapolation of cancer (U.S. EPA, 1992) that “...tissues experiencing equal average
concentrations of the carcinogenic moiety over a full lifetime should be presumed to have equal
lifetime cancer risk.”  As discussed above, this adjustment does not address any pharmaco-
dynamic differences that may exist between rodents and humans.  For VC, sufficient information
exists to support the position that rats are at least as sensitive, if not more so, than are humans to
the carcinogenic effects of UCL.

The risk assessment performed in this study has focused on cancer risk from a continuous
lifetime exposure, or at least an exposure over a large fraction of lifetime.  Although there are
certainly many uncertainties and unresolved issues regarding cross-species extrapolation of
lifetime risks, there are even greater uncertainties regarding the extrapolation of partial-lifetime
exposures.  In particular, studies performed with VC make it evident that extrapolation of partial
lifetime exposure is not straightforward with this chemical.  For example, in the comparative
studies of partial lifetime exposure of rats to VC discussed earlier (Drew et al., 1983), whereas
exposure from 0 to 6 months resulted in a similar tumor incidence to exposure from 6 to 12
months of life, exposure from 0 to 12 months produced a significantly different incidence than
would be expected from the sum of the incidences for the two subintervals.  For angiosarcomas,
on the one hand, exposure to VC from 0 to 6 months and from 6 to 12 months resulted in
incidences of 5.3% and 3.8%, respectively, while exposure from 0 to 12 months resulted in a
much higher incidence of 21.4%.  For hepatocellular carcinomas, on the other hand, exposure to
VC from 0 to 6 months and from 6 to 12 months resulted in incidences of 4.0% and 11.5%,
respectively, while exposure from 0 to 12 months resulted in an incidence of only 7.1%.  Thus
this comparative bioassay does not provide support for a simple relationship of the observed
incidence to the fraction of lifetime of the exposure.  As discussed earlier, it seems reasonable to
assume that newborns, with their higher rate of cell proliferation, should be at greater risk from
genotoxic carcinogens, and some studies with VC support this assumption (Maltoni et al., 1981;
Laib et al., 1989; Fedtke et al., 1990), although other well-conducted studies with VC do not
(Drew et al., 1983).  The issue of sensitive populations has never been seriously dealt with in
quantitative carcinogenic risk assessment, but it would seem to be an appropriate consideration
during risk management for specific potential exposures.
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APPENDIX C.  VINYL CHLORIDE PBPK MODEL CODE 
(ACSL VERSION: VCPBPK.CSL)

PROGRAM VCPBPK.CSL – Vinyl Chloride Risk Assessment Model

INITIAL

CAT - BODY WEIGHT
   CONSTANT BW - 70 Body Weight (kg)
ENDCAT

CAT - SPECIAL FLOW RATES
   CONSTANT QPC - 24 Unscaled Alveolar Vent
   CONSTANT QCC - 16.5 Unscaled Cardiac Output

CAT - FRACTIONAL BLOOD FLOWS TO TISSUES
   CONSTANT QLC - 0.24 Flow to Liver as % Cardiac Output
   CONSTANT QFC - 0.05 Flow to Fat as % Cardiac Output
   CONSTANT QSC - 0.19 Flow to Slow as % Cardiac Output
   CONSTANT QRC - 0.52 Flow to Rapid as % Cardiac Output
ENDCAT

CAT - FRACTIONAL VOLUMES OF TISSUES
   CONSTANT VLC - 0.04 Volume Liver as % Body Weight
   CONSTANT VFC - 0.19 Volume Fat as % Body Weight
   CONSTANT VRC - 0.05 Volume Rapid Perfused as % Body Weight
   CONSTANT VSC - 0.63 Volume Slow Perfused as % Body Weight
ENDCAT

CAT - PARTITION COEFFICIENTS - GARGAS ET AL. (1989)
   CONSTANT PL - 0.95 Liver/Blood Partition Coefficient
   CONSTANT PF - 11.9 Fat/Blood Partition Coefficient
   CONSTANT PS - 1.25 Slow/Blood Partition Coefficient
   CONSTANT PR - 0.95 Rapid/Blood Partition Coefficient
   CONSTANT PB - 1.68 Blood/Air Partition Coefficient
ENDCAT

CAT - KINETIC CONSTANTS
   CONSTANT MW - 62.5 Molecular weight (g/mol)
   CONSTANT KA - 3.0 Oral uptake rate (/hr)
   CONSTANT VMAX1C - 4.0 Scaled Vmax for 1st Saturated Pathway
   CONSTANT         KM1 - 0.1 Km for 1st Saturated Pathway
   CONSTANT VMAX2C - 0.0 Scaled Vmax for 2nd Saturated Pathway
   CONSTANT         KM2 - 10.0 Km for 2nd Saturated Pathway
ENDCAT
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CAT - DOSING INFORMATION
   CONSTANT PDOSE - 0.1 Oral dose (mg/kg)
   CONSTANT DRINK - 0.0 Dose (mg/kg/day) in H2O
   CONSTANT CONC - 100.0 Inhaled concentration (ppm)
   CONSTANT TCHNG - 6.0
ENDCAT

CAT - GSH PARAMETERS GROUP1
   CONSTANT KGSMC - 0.13 Conjugated rate constant with metabolite
   CONSTANT KFEEC - 35.0 Conjugated rate constant with non-GSH
   CONSTANT KCO2C - 1.6 First-order CEO breakdown to CO2
ENDCAT

CAT - GSH PARAMETERS GROUP 2
   CONSTANT KOC - 28.5 Zero-order production of GSH
   CONSTANT KBC - 0.12 First-order rate constant for GSH breakdown
   CONSTANT KS - 2000.0 Constant controlling resynthesis
   CONSTANT GSO - 5800.0 Initial GSH concentration
   CONSTANT H2O - 55.0 Moles of H2O
ENDCAT

CAT - SIMULATION LENGTH CONTROL
   CONSTANT TSTOP - 24.0
   CONSTANT POINTS - 1.0
   CONSTANT    H - 10000.0
ENDCAT

Set initial values

   IF (PDOSE.EQ.0.0) KA - 0.0 Parenteral dosing

Scaled parameters

CINT - TSTOP / POINTS
NSTP - CINT*H + 1
    QC - QCC*BW**0.75 Cardiac output
    QP - QPC*BW**0.75 Alveolar ventilation
    QL - QLC*QC Liver blood flow
    QF - QFC*QC Fat blood flow
    QS - QSC*QC Slowly perfused tissue blood flow
    QR - QRC*QC Richly perfused tissue blood flow
    QC - QL + QF + QS + QR
     VL - VLC*BW Liver volume

              VF - VFC*BW Fat tissue volume
     VS - VSC*BW Slowly perfused tissue volume
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